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24th INTERNATIONAL WIRE 
AND CABLE SYMPOSIUM 

SYMPOSIUM COMMITTEE 

Elmer F. Godwin, CoChairman, USAECOM (201-544-2770) 
Milton Tenzer, Co-Chalrman, USAECOM (201-544-4834) 
Maria Farago, Northern Electric 
F. M. Farrell, BM Company 
Joseph M. Flanigan, Rural Electritication Administration (BEA) 
Jerome Hager, Northern Petrochemical Co. 
George Heller, Tensolite Co. 
Irving Kolodny, General Cable Corp. 
Joe Neigh, AMP Inc. 
James Kanely, Superior Continental Corp. 
Ronald Soloman, McDonnell Aircraft Co. 
George H. Webster, Bell Laboratories 

TECHNICAL SESSIONS 

9:30 a.m. Session I: 
2:15 p.m. Session II: 
2:15 p.m. Session III 

9:15 a.m. Session IV: 
9:15 a.m. Session V: 
2:15 p.m. Session VI: 

Tuesday, 18 November 1975 

Tutorial on Wire and Cable Considerations in Fires 
Flammability Consideration in Cables 
Manufacturing & Processing 

Wednesday, 19 November 1975 

Cable Applications I 
Cable Design 
Testing & Evaluation 

2:15 p.m. Session VII:       Cable Materials I 

9:15 a.m. Session VIII: 
9:15 a.m. Session IX: 
2:15 p.m. Session X: 

Thursday, 20 November 1975 

Cable Applications II 
Cable Materials II 
Waterproof Cable 

PROCEEDINGS 

Responsibility for the contents rests upon the authors and not the Symposium 
Committee or its members. After the symposium all the publication rights of each 
paper are reserved by their authors, and requests for republication of a paper 
should be addressed to the appropriate author. Abstracting is permitted, and it 
would be appreciated if the symposium is credited when abstracts or papers are 
republished. Requests for individual copies of papers should be addressed to the 
authors. Extra copies of the Proceedings may be obtained from the Symposium 
Co-Chairman (Requests should include a check tor $10.00 per copy, in US 
currency, made payable to the International Wire & Cable Symposium). Copies may 
also be obtained for a nominal fee from the National Technical Information Service 
(NTIS), Operations Division, Springfield, Virginia 22151. 
Copies of papers presented in previous years may also be obtained from the 
National Technical Information Service. Papers from the first 20 years, with their AD 
numbers are catalogued in the "KWIC Index of Technical Papers, Wire and Cable 
Symposia (1952-1971)," December 1971. 
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MESSAGE FROM THE CO-CHAIRMEN 

Your co-chairmen heartily welcome you to the 24th International Wire 
and Cable Symposium. Last year's successful symposium (the 23rd) evoked 
many favorable comments on the high caliber and timely relevance of the 
presentations. Participation by countries other than the United States 
was maintained at the high level achieved in the past two years. Eigh- 
teen (18) papers from seven of these countries were presented, 35% of all 
papers given. We are indeed gratified that this symposium continues to 
attract such a sizeable representation from the world-wide wire and cable 
community. 

The emphasis this year is being placed on the flimmablLUy character- 
istics of potential cable material. Such considerations are assuming 
increasing importance in the interest of safety, performance reliability, 
and economy. The tutorial session and one following session is devoted 
to this topic. The tutorial session is the only offering in its time 
slot and we strongly recommend your attendance. 

Two of our hard working committe members, Jerome Hager of Northern 
Petrochemical Company and George Heller of Tensolite Company are retiring 
from the committee after three years of service. Jerry and George by 
their efforts and specialized knowledge both contributed materially to 
the success of the committee's mission. On behalf of the rest of the 
committee, your co-chairmen wish to thank them both and wish them well in 
their future activities. 

The committee is looking forward to the symposium's first year at its 
new location, the Cherry Hill Hyatt House. Attractive surroundings, ade- 
quate convention facilities, local and nearby urban recreational activities 
and easily accessible transportation should combine to make this year's 
symposium a stimulating and pleasant experience. We hope you enjoy it! 

. F. GehWIN, Co-Chalrman 
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(Left) Major General Hugh F, 
Foster, Jr.; Commanding General 
of Fort Monmouth, making his 
keynote address at the banquet. 

(Right) Mrs. Helene Spergel and 
daughter llene receiving bound 
volume of technical papers 
authored by the late Jack 
Spergel. 

HIGHLIGHTS OF THE 23rd 
INTERNATIONAL WIRE AND CABLE 

SYMPOSIUM 

December 3, 4 and 5, 1974 
Shelburne Hotel, Atlantic City, N. J. 

Dr. W. Wells, NT Research Institute, discussing "Testing 
and Hardening Techniques for Cables and Connectors," 
during tutorial session on Effects of EMP on Cable Sys- 
tems. Mr. I. Kolodny, General Cable, was Chairman of the 
session. 

Awards were presented by the symposium co-chairman to 
Dr. H. Martin, Kabelmetal (left), for Outstanding Technical 
Paper, and to R. J. Oakley, Northern Electric Co., Ltd. 
(2nd left), for Best Presentation of a Technical Paper. 
Certificates of Appreciation were presented to W. R. 
Smith, Hercules Inc. (2nd right) and L. Dunlop, GTE 
Service Corporation (right), for serving three years on the 
Symposium Committee. 

1/   '    \ 
Breakfast for speakers and co-authors of Session i 
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AWARDS 

Outstanding Technical Paper Best Presentation 

H. Lübars and J. A. Olszewski, General Cable Corp-"Analysis 
of Structural Return Loss In CATV Coaxial Cable" 

1968 
N Dean, B ICC -"The Development of Fully Filled Cables lor 
the Distribution Network" 

J. B. McCann, R. Sabia and B. Wargotz, Bell Laboratorles- 
"Characterlzatlon of Filler and Insulation In Waterproof Cable" 

1969 
J. D. Kirk, Alberta Government Telephones—"Progresr. and 
Pittalls of Rural Buried Cable" 

D, E. Setzer and A. 8. Windeler, Bell Laboratorles-"A Low 
Capacitance Cable for the T2 Digital Transmission Line" 

1970 
Or O, Leuchs, Kabel und Metalwerke—"A New Self-Extm- 
guishmg Hydrogen Chloride Binding PVC Jacketing Com- 
pound for Cables" 

R. lyengar, R. McClean and T McManus, Bell Northern 
Research—"An Advanced Multi-Unit Coaxial Cable lor Tool 
PCM Systems" 

1971 
S. Nordblad, Telefonaktiebolaget LM Ericsson—"Multi-Paired 
Cable of Nonlayer Design for Low Capacitance Unbalance 
Telecommunication Network" 

N. Kojima, Nippon Telegraph and Telephone—"New Type 
Paired Cable for High Speed PCM Transmission" 

J. B. Howard, Bell Laboratories—"Stabilization Problems with 
Low Density Polyethylene Insulations" 

1972 
S. Kaufman, Bell Laboratories—"Reclamation of Water- 
Logged Buried PIC Telephone Cable" 

Dr. H. Martin. Kabelmetal—"High Power Radio Frequency 
Coaxial Cables, Their Design and Rating." 

1973 
R. J. Oakley, Northern Electric Co., Ltd.—"A Study into Paired 
Cable Crosstalk" 

D. Doty, AMP Inc.—"Mass Wire Insulation Displacing Termin- 
ation of Flat Cable" 

1974 
G. H. Webster, Bell Laboratories—"Material Savings by Design 
in Exchange and Trunk Telephone Cable" 
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CONTRIBUTORS 

AEG-Teletunken Kabelwerk« AG, Rheydt 
Mulhelm/Ruhr-Saarn, West Germany 
3M Company-TelCom Department 
Washington, DC. 
Abbott Industries 
Chemical Division 
Leominster, Massachusetts 
Albert H. Surprenant Inc. 
Jeffrey, New Hampshire 
American Hoechst Corporation 
Somervllle, New Jersey 
Amoco Chemicals Corp. 
Chicago, Illinois 
The Anaconda Company 
Aluminum Division 
Louisville, Kentucky 
ARCO/Polymers, Inc. 
Philadelphia, Pennsylvania 
Arnold Field Associates 
Hackensack, New Jersey 
Arvey Corporation 
Jersey City, New Jersey 
Austral Standard Cables Pty. Ltd. 
Melbourne, Victoria, Australia 
Australian Telecommunication Comm. 
Central Administration 
Australia 
Autometrlx 
Dayton, Ohio 
Baker Industries, Inc. 
Harlselle, Alabama 
Beiden Corporation 
Geneva, Illinois 
Berk-Tek, Inc. 
Reading, Pennsylvania 
BICC Limited 
Telephone Cables Division 
Prescot, Merseyside, England 
Blane/Cooke Division 
Relchhold Chemicals, Inc. 
White Plains, New York 
Boston Insulated Wire and Cable Company Limited 
Hamilton, Ontario, Canada 
Brand-Rex Company 
Willimantic, Connecticut 
Brand-Rex Limited 
Glenrothes, Scotland 
Buchinan Crimp Tool Products 
Amerace Corporation 
Union, New Jersey 
Burgess Pigment Company 
Sandersville, Georgia 
Burndy Corporation 
Norwalk, Connecticut 
Cable Concepts Corp. 
Levittown, Pennsylvania 
Cable Consultants Corp. 
Larchmont, New York 
Cables de Comunicaclones S.A. 
Zaragoza, Spam 

Camden Wire Co., Inc. 
Camden, New York 
Campbell Technical Waxes Limited 
Crayford, Kent, England 
Canada Wire and Cable Limited 
Winnipeg, Manitoba, Canada 
Canadian industries Limited 
Brampton, Ontario, Canada 
Carlew Chemicals Ltd. 
Montreal, Quebec, Canada 
R. E. Carroll, Inc. 
Trenton, New Jersey 
Cerro Communication Products 
Freehold, New Jersey 
Cerro Wire and Cable Company 
New Haven, Connecticut 
Chase & Sons, inc. 
Randolph, Massachusetts 
Chempiast Inc. 
Wayne, New Jersey 
Cimco Wire & Cable, Inc. 
Allendale, New Jersey 
Cities Service Company 
Chester Cable Operations 
Chester, New York 
Columbia Cable ft Electric Corp. 
Brooklyn, New York 
Communications Technology Corporation 
Los Angeles, California 
Copperweld Corporation 
Glassport, Pennsylvania 
Dart Industries 
Paramus, New Jersey 
Davis Standard 
Pawcatuck, Connecticut 
Delco Wire ft Cable Inc. 
Bristol, Pennsylvania 
Devcon Corporation 
Telephone ft Power Products Div. 
Danvers, Massachusetts 
Diamond Shamrock Corp. 
Cleveland, Ohio 
The Dow Chemical Company 
Midland, Michigan 
E. I. du Pont de Nemours ft Co., inc. 
Wilmington, Delaware 
Economy Cable Grip Co., Inc. 
So. Norwalk, Connecticut 
Edmands Company 
Division Wanskuck Company 
Providence, Rhode Island 
Elco Corporation 
Willow Grove, Pennsylvania 
Electrical Cable Div. 
U. S. Steel Corp. 
Worcester, Massachusetts 
Electroconductores C.A. 
Cancas, Venezuela 
Electron Machine Corp. 
Umatilla, Florida 
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The Entwlstlt Company 
Hudson, Massachusetts 
ESMX Inttrnatlonal, Inc. 
Decatur, Illinois 
Exxon Chemical Company, U.S.A. 
Houston, Texas 
Fabrlcon Manufacturing Limited 
Trenton, Ontario, Canada 
Falten ft Qulllaaum» Carlawark Aktlongaaollachaft 
5 Köln-Mülheim (Germany) 
Flraotono Plattlca Company 
Poltstown, Pennsylvania 
Formulaba Industrial Inka Inc. 
Escondldo, California 
F otter Grant Co., Inc. 
Ltomlnster, Massachusetts 
The FuJIkura Cabla Works, Ltd. 
Tokyo, Japan 
The Furukawa Electric Co., Ltd. 
Tokyo, Japan 
Gavltt Wlra & Cabla Division 
RSC Induatrlaa, Inc. 
Brookfleld, Massachusetts 
General Cable Corporation 
Colonia, New Jersey 
General Electric Company 
Chemical and Metallurgical Dlv. 
Watertord, New York 
Glenalr/AIr Bome Controla, Inc. 
Glendale, California 
B.F. Goodrich Chemical Company 
Cleveland, Ohio 
W. R. Grace & Co. 
Hatco Plastics Dlv. 
Brooklyn, New York 
Great American Chemical Corporation 
Fitchburg, MassachuseUs 
NKF Groep B.V. 
Rljswijk, Holland 
GTE Service Corporation 
Stamford, Connecticut 
Hardman incorporated 
Belleville, New Jersey 
Hepco Wire & Cable induatrlaa 
Garnerville, New York 
Hercules incorporated 
Scott Wiae industries 
Crowley, Louisiana 
Hercules incorporated 
Wilmington, Delaware 
Hewlett-Packard Company 
Manufacturing Division 
Palo Alto, California 
High Voltage Eng. Corp. 
Burlington, Massachusetts 
Hitachi Cable, Ltd. 
Tokyo, Japan 
J. M. Huber Corporation 
Edison, New Jersey 
Hudson Wire Company 
Ossining, New York 
Ibaraki Electrical Communication Laboratory 
Nippon Telegraph & Telephone Public Corporation 
Tokal, Ibaraki, Japan 

ICI United States Inc. 
Wilmington, Delaware 
icore Intemational 
Sunnyvale, California 
independent Cable 
Hudson, Massachusetts 
international Wire Producta Co. 
Wyckoff, New Jersey 
The J P M Company 
Lewlsburg, Pennsylvania 
Judd Wire Division 
Turners Falls, Massachusetts 
Kenrlch Petrochemicals, inc. 
Bayonne, New Jersey 
The Kerite Company 
Seymour, Connecticut 
Lamart Corporation 
Clifton, New Jersey 
S.A. Lignes Telegraphlques et Telephonlques 
Conflans Salnte Honorine, France 
J. J. Lowe Associates, inc. 
Bedford Hills, New York 
Mobay Chemical Corporation 
Pittsburgh, Pennsylvania 
Monsanto industrial Chemicals Co. 
St. Louis, Missouri 
The Montgomery Company 
Windsor Locks, Connecticut 
S. R. Morrow Co. 
Chatham, New Jersey 
Nesor Alloy Corporation 
West Calowell, New Jersey 
New England Printed Tape Co. 
Pawtucket, Rhode Island 
NKF Groep B.V. 
Rljswijk, Holland 
NKF Kabel B.V. 
Delft, Holland 
NL Industries 
Industrial Chemicals Division 
Philadelphia, Pennsylvania 
Nonotuck Manufacturing Company 
South Hadley, Massachusetts 
Northeast Wire Company, Inc. 
Holyoke, Massachusetts 
Northurn Electric Co. Ltd. 
Montreal, Quebec, Canada 
Northern Petrochemical Company 
Des Piaines, Illinois 
The Okonlte Company 
Providence (Rumford), Rhode Island 
Olex Cables Ltd. 
Cottenham, Victoria, Australia 
OY NOKIA AB 
Helsinki, Finland 
The Pantasote Company of M.Y., inc. 
Passaic, New Jersey 
Pennwait Corporation 
Philadelphia, Pennsylvania 
Penreco 
Butler, Pennsylvania 
Petro-Tex Chemical Company 
Warminster, Pennsylvania 
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PFO/Penn Color, Inc. 
Doylestown, Pennsylvania 
Phelpt Dodge Communications Co. 
Yonkers, New York 
Phelpt Dodge Copper Products Company 
Division of Phelps Dodge Industries, Inc. 
Elizabeth, New Jersey 
Phelps Dodge Corporation 
Puerto Rico 
Phillips Cables Limited 
Brockville, Canada 
Phillips Petroleum Company 
Bartlesville, Oklahoma 
Plastoid Corporation 
Long Island City, New York 
Plymouth Rubber Co. Inc. 
Canton, Massachusetts 
Polymer Services, Inc. 
East Brunswick, New Jersey 
Radiation Dynamics, Inc. 
Westbury, New York 
Radix Wire Company 
Euclid, Ohio 
Raychem Corporation 
Menlo Park, California 
Ray Proof Corp. 
Norwalk, Connecticut 
Rexene Polymers Co. 
Paramus, New Jersoy 
Roanwell Corp. 
New York, New York 
The Rochester Corporation 
Culpeper, Virginia 
John Royle and Sons 
Paterson, New Jersey 
Santech Incorporated 
Toronto, Ontario, Canada 
Shell Chemical Company 
Houston, Texas 
Soltex Polymer Corporation 
Deer Park, Texas 
Southwest Chemical & Plastics Company 
Seabrook, Texas 
Southwlre Company 
Carrollton, Georgia 
Sterling Davis Electric div. 
Sterling Extruder Corp. 
Walllngford, Connecticut 
Storm Products Co. 
Inglewood, California 
Sumitomo Electric U.S.A., Inc. 
New York, New York 
Sun Chemical Corporation 
Paterson, New Jersey 
Superior Continental Corporation 
Superior Cable Division 
Hickory, North Carolina 

Syncro Machine Company 
Perth Amboy, New Jersey 
Tamaqua Cable Products Corporation 
Schuylkill Haven, Pennsylvania 
Technical Coatings Co. 
Nutley, New Jersey 
Technlon S.P.A. 
Novara, Italy 
Teknor Apex Company 
Pawtucket, Rhode Island 
Teledyne Thermatlcs 
Elm City, North Carolina 
Teledynt Western Wire a Cable 
Los Angeles, California 
Tenneco Chemicals, inc. 
Organlcs A Polymers 
Plscataway, New Jersey 
Tensollte Company 
Division of Carlisle Corp. 
Tarrylown, New York 
Thermax Wire Corporation 
Flushing, New York 
Times Wire A Cablo 
Wallingford, Connecticut 
Tracer, inc. 
East Orange, New Jersey 
Trea Industries, Inc. 
East Greenwich, Rhode Island 
UBE Industries, Ltd. 
Tokyo, Japan 
Unlroyal, Chemical Division 
Naugatuck, Connecticut 
Union Carbide Corporation 
Chemicals & Plastics 
Hackensack, New Jersey 
Vldex Equipment Corp. 
Paterson, New Jersey 
Western Electric Company, Inc. 
Kearny, New Jersey 
G. Whitfleld Richards Co. 
Philadelphia, Pennsylvania 
Whllmor Wire A Cable Corp. 
North Hollywood, California 
Wilson Products Company 
Neshanlc, New Jersey 
Wire A Textile Machinery Corp. 
Pawtucket, Rhode Island 
Wltco Chemical Corp. 
Sonneborn Division 
New York, New York 
Wyre Wynd, inc. 
Jewett City, Connecticut 
Wyrough and Loser, Inc. 
Trenton, New Jersey 
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SOME DIFFERENCES  NOTED  IN THE FLAMMABILITY OF WIRE 
CONSTRUCTIONS  BETWEEN TESTING  AT  ROOM TEMPERATURE 

AND  AT ELEVATED CONDUCTOR TEMPERATURE 

E.  C.  Lupton,   Jr.,   C.   D.   Tahlmore  and J.  Obsasnik 
Allied Chemical Company 
Morristown,   NJ    07960 
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SUMMARY 
Theoretical and experimental work has 

indicated that the flammability of a material 
increases as its temperature at the moment of 
flame exposure is increased. We have noted 
that when flammability tests are conducted on 
various wire types with their conductor at 
the rating temperature, results are sometimes 
observed which are substantially different 
from results at room temperature.  These data 
are discussed. 

I. INTRODUCTION 

Flammability of wire and cable is becom- 
ing an increasingly important consideration 
for selection of the styles to use for par- 
ticular applications.  In several recent fires, 
including the telephone switching center fire 
in New York City^and the Brown's Ferry Nuclear 
Power Plant fire , it is believed that the 
wiring system was either partially or totally 
responsible for allowing a small fire to pro- 
pagate, spread and do extremely extensive 
damage. Many tests are now in use or proposed 
to help an engineer evaluate the flammability 
and fire retardance of constructions but we 
have recently become aware of a possible use 
condition which none of these tests, to our 
knowledge, take into account. 

In a survey of wire and cable engineers, 
Watkins  found that the  temperature rating 
of a construction is considered the second 
most important single factor in deciding 
whether its use is appropriate for a particul- 
ar application. Constructions are now common- 
ly considered which range in continuous high 
temperature limit from +60oC or below to 
+260oC or above.  The advantages of high 
temperature, high performance, small diameter 
constructions are becoming well understood 
in terms of space saving, weight saving, con- 
ductor diameter reduction, ease of installa- 
tion, and long service life and these con- 
structions take advantage of higher possible 
use temperatures.  Energy saving considera- 
tion, and long service life and these con- 
ductor diameter reduction, ease of installa- 
tions and optimum efficiency of industrial 
operations can also necessitate higher temper- 
atures.  It therefore seems realistic to 
expect that wire and cable constructions will 
be in common use in the future at increasingly 
higher temperatures.  There is data in the 
literature indicating that when the tempera- 
ture of a material i.i increased, before it is 
exposed to flame, the flammability increases 
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also.  Johnson has shown that, for a variety 
of materials, the limiting oxygen index de- 
creases in a predictable way as the tempera- 
ture of the material increases.  (The limit- 
ing oxygen index measures the percentage of 
oxygen required in the atmosphere for an 
equilibrium downward burning flame to be 
sustained.) Johnson shows that for several 
different materials, the limiting oxygen 
index can be approximately predicted by the 
use of Table I. 

Table I. Effect of Material Temperature 
upon Oxygen Index 

Temperature (°C) 

25 
10Ü 
200 
300 

Fraction of 25"C 
Oxygen Index Retained 

1.00 
.92 
.78 
.55 

While limiting oxygen index does not cor- 
relate directly with any flammability proper- 
ties of wire and cable, these data suggested 
to us that flame testing on wire and cable 
constructions which are at their intended use 
temperature might yield results which are 
significantly different from room temperature 
results. 

II. SCOPE 

The results reported here will involve 
measurements of"several different types on 
several different constructions.  Examples 
are chosen to illustrate differences between 
room temperature and elevated temperature re- 
sults . 

It is beyond the scope of this work to 
delineate exhaustively the safe limits of 
any construction.  It is specifically not 
our intent to single out constructions as 
"good" or "bad" but rather to suggest that 
the observed phenomena are so ubiquitous 
that they should generally be considered by 
engineers. For this reason, individual wire 
styles will not be identified by insulation 
or conductor type but only as styles A through 
E.  In selecting examples, we chose conditions 
such as the following which would indicate 
degredation in the fire retardant properties 
of wire: 

a) Dripping flaming  insulation 
b) Propagating flame more rapidly 
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c)   Propagating  flame  for a  longer 
period of time or a greater length 

III,   RESULTS 

All measurements were conducted in a 
flame hood which was made as draft free as 
possible. This hood did not have the capa- 
bility of being raised to elevated temperature, 
so for the elevated temperature testing a 
current was passed through the test wire or 
wires to raise it to its recommended rating 
temperature.  The temperature of the wire was 
measured by thermocouples placed next to the 
conductor and on the outside of the insulation 
and these measurements were confirmed by 
optical pyrometer.  The currents required are 
higher that would normally be used with these 
constructions but in the absence of an oven 
equipped for safe flame testing, this seemed 
the most appropriate way to attain the requir- 
ed temperatures,  The current was measured by 
a clamp-on ammeter. 

Example A - A sample of wire insulated by 
material A was placed in the draft free hood 
at an angle canted 30° away from the verticle. 
A piece of Johnson and Johnson surgical cotton, 
with no pretreatment or drying, was placed at 
the base of the wire.  A bunsen burner with a 
flame height of 3 inches was applied to the 
test wire four inches from its base.  The bar- 
rel of the burner was parallel to the base of 
the chamber and pointed as in Figure I. The 
following results were obtained at room and 
at rating temperature. The insulation was 
colorless. 

Affected Afterburn 
Lenqth Time Drips 

m Temp.   3 in. 2 sec. Yes 
ing Temp.  4 in. 14 sec. Yes (25% 

lit the 
cotton) 

Example B - Wire insulated with material B, 
which is similar in rating temperature and 
chemical structure, to material A, was tested 
in a manner similar to material A. The in- 
sulation was colorless. The results were: 

Affected Afterburn 
Length Time  

Room Temp.   2 in. 0 
Rating Temp. 2.5 in. 0 

Sec. 
Sec. 

Drips 
None 
None 

Example C - Four wires insulated with material 
C were twisted together to form a bundle. The 
bundle was placed in a vertical position. The 
flame holder was a piece of pipe 4 inches long 
and 1/16 in inside diameter. It used no 
premixing of gas with air, so that there was 
a cold (yellow) flame, which was approximately 
3 inches long. 

When the flame was applied perpendicular 
to the wire continuously, the following re- 
sults are obtained.  The times listed are the 

time to set on fire a marker flag a particular 
distance above the place of fire introduction. 

6^.        122, 18" 
Room Temp.    120 Sec.    Never    Never 
Rating Temp.   20 Sec.    75 Sec.   180 Sec. 

The wires tested at room temperature 
burned approximately 7 inches above the point 
of flame exposure. After 200 seconds, the 
wires tested at rating temperature had to be 
extinguished for safety reasons, but had propa- 
gated upward for approximately 22 inches and 
were continuing to propagate vigorously. 

In ancther test of the 4 cable bundle of 
material C the flame was applied for 30 
seconds and the afterburn time was determined. 

Afterburn Time 
Room Temperature 
Rating Temperature 

1-5 Seconds 
25-55 Seconds 

Example D - Wire insulated with material D 
was tested in a vertical position.  When a 
bunsen burner is exposed to the wire with the 
flame perpendicular to the wire, the following 
afterburn times are noted: 

5 Sec.    10 Sec.    15 Sec. 
Exposure Exposure  Exposure 

Room Temp.   0 Sec.   3 Sec.     7 Sec. 
Rating Temp.  3 Sec.    7 Sec.    11 Sec. 

If the small cold flame described in Example C 
is exposed to the wire for a long duration, 
the observed results are 

Length of the bare wire, 
charred or melted insulation 

Room Temp. 1 1/2 inches 
Rating Temp. 4 inches 

Example E - Wire insulated with material E, 
which is identical in rating temperature to 
Material 0, was tested in a vertical flame 
test with the flame canted 10° to tne  test 
wire.  The results are the following: 

Bare, Charred or 
Melted Insulation  Afterburn 

Room Temp.      2 inches        0 Sec. 
Rating Temp.  1.5 inches        0 Sec. 

CONCLUSIONS 
In several different examples it is shown 

that for some insulation materials under some 
conditions the following differences are noted 
between flammability testing at room tempera- 
ture and at the materials rating temperature: 

a) The test wire is charred for a greater 
portion of its length 

b) The wire contiiuies to burn for a longer 
period of time after the test flame is 
removed 

c) The flame propagates upward more 
rapidly 

For at least one material, the following 
differences were noted: 

d) A construction which would not propa- 
gate flame upward at room temperature 
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would at the  rating temperature 
e)  A construction dripped flamming In- 

sulation at the rating temperature 
which would not at room temperature 

These  results  suggest that room tempera- 
ture  flammablllty testing Is not always 
adequate  to determine  the  fire retardance  of a 
wire construction.     For those constructions 
which are  Intended  for use at temperatures 
significantly above  250C and which require 
fire retardance,   testing at use temperature 
would seem to be  required in order to assure 
fire safety. 
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HEAT-RESISTANT CABLES FOR FIRE-PREVENTION SYSTEMS 

T. MAHZAWA, Y. MURAYAMA and A. YOSHIZAWA 

The Furukawa Electlrlc Co.. Ltd, Tokyo, JAPAN 

ABSTRACT 

It is necessary to effectively connect sensors and 
Indicators to prevent fires in subways, hotels, etc. 

The present report describes the details of the designs 
and the evaluation of the cables for this purpose.   Th's report 
discusses the following. 

1. 

3. 

4. 

The cores of the cable are separated by means of the 
S-shaped heat-resistant tape.   (Type 1) 

The cable is designed simply using cross-linked poly- 
ethylene.   (Type 2) 

The cable is designed so as to resist higher tempera- 
tures by using silicon rubber.   (Type 3) 

The caule is designed so as to be used also in the 
frequency ranges beyond the voice frequency.   (Type 
I, 2 and 3) 

1.   INTRODUCTION 

When a fire breaks out where many people are gathered, 
for example in subways, hotels, offices, and department 
stores, there is a possibility that peoples movements by the 
mob spirit may result in an unexpected disaster.   In order 
to prevent such disaster, it is necessary to systematically 
and effectively arrange sensors and indicators, and to 
monitor and control them at required places. 

For example, when a sensor, which retuts to the rise 
in temperature or to the generation of smoke, and a liaison 
interphone is ins-alleu in each room of a hotel, they should 
be monitored somewhere and adequate instructions should be 
given through the interphone.   If the cable connecting such 
equipment is damaged and put out of commission by a fire, 
these many sensors and Interphones would become meaning- 
less.   Therefore, the construction, materials, and testing 
methods for the cables that are fit for such purpose are 
discussed.   The materials for such cables are required to 
be heat-resistant and have good electrical properties when 
they should be easy.   Consequently, glass mica tape, cross- 
linked polyethylene and silicon rubber have been chiefly 
examined.   Basing on the actual circumstances of Japan, the 
cables were tested by burning them under two conditions: 
at 380OC for 15 mins, (Grade B), and at 840oC for 30 mins. 
(Grade A).   A large number of designs for cable construction 
have been discussed with many materials.   As the result, 
three types of the cables. Type 1, Type 2 and Type 3, have 
been developed, of which details are described in the present 
report. 

2.     REQUIREMENTS 

Since the most Importtnt property necessary for the 
cables of a fire-prevention system is to fulfill their functions 
when a fire breaks out, satisfactory properties at high tem- 

peratures are required.   And the method of use of the cables, 
which decides the temperature, should also be duly considered. 

The temperature when a fire breaks out depends upon 
the structure of the building, amount of combustibles, «mount 
of air that flows in, and so on.   But in Japan, the standard 

•rve of heating temperature shown in Fig. 1 is generally 
received.   Basing on it, some wiring methods have been 
developed, such as the wiring by burying a cable in a main 
fire-retardant construction and the wiring with an adequate 
heat protection (tee Fig. 2 and Fig. 3).   These wiring methods 
can chiefly be adopted when ordinary cables are used for a 
fire-prevention system, but they can not be adopted where 
the buildings are not newly-built or the equipment is to be 
enlarged.   Thus, we have developed a new open wiring 
method, that is wiring cable of the same properties as those 
used In the above-mentioned methods without buring the cable 
in the structure. 

This method requires the following cable properties. 

Table 1   Requirements 

Grade A 

Tensile Strength 
Conductor:       > 28.0 Kg/mm2 

insulator: > 1.0 Kg/mm2 

Sheath: > 1.0 Kg/mm'' 

Grade B 

> 28.0 Kg/mm2 

> 1.0 Kg/mm2 

> 1.0 Kg/mm2 

Heat-Resistant Properties (see Fig. 1) 
Insulation Resistance: 

0.2Mn or over 
(840oC, 30mins) 

Dielectric Strength: 
AC 250V/mln 
(84000, 30mins) 

0. IMfl or over 
(380oC,  ISmlns) 

AC 250 V/min 
(380oC,  ISmlns) 

The heat       .stant properties of Grade A are the most 
severe requ.rf-iients, which seem hard to be satisfied by 
usual methods.   Of course, the same properties as those of 
ordinary communication cables are required. 

3.     HEAT-RESISTANCE TEST 

The testing methods for the heat-resistant properties 
are as shown in Fig. 4, Fig. 5 and Fig. 6.   A cable sample 
is fixed to the heat-resistant board end the insulation resist- 
ance is measured after being heated in accordance with the 
curve of heating temperature shown in Fig. 1.   And while 
the sample is heated, the insulation resistance and dielectric 
strength are measured. 

4.    DESIGN AND MANUFACTURE 

After the requirements of the heat-resistant cables 
had been fixed, the cables were designed and manufactured. 

For designing the cables, materials and construction 
of the cables was investigated.   The following materials 
shown In Table 2 were investigated. 
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Table 2    Heat-Resiatant Materials 

Material Application 

Heat-resistant polyvlnyl chloride (PVC)    Extruding 
Cross-linked polyethylene (PE) Extruding 
TFE Extruding 
Polylmlde Coating 
Mica polyester tape Lapping 
Silicon glass tape Lapping 
Class mice tape Lapping 
Silicon rubber Extruding 

Heat-resistant polyvlnyl chloride was not considered 
because it was Inferior to polyethylene In Its Insulation 
resistance under normal conditions.   TFE was also not 
considered because Its extruding was difficult and It was 
costly.   Polylmlde was also not considered because It was 
difficult to remove polylmlde, which was used as an Insulator, 
when connecting cables.   But this material seems to be useful 
as an effective heat-resistant material for cables of large- 
sized conductors.   The S- shaped construction as shown in 
Fig, 8 was adopted for lapping cores with tape in order to 
make It easy to manufacture cables.   It was desirable to 
insert the tape during twisting of the cores, because the 
same properties as those of ordinary communication cables 
were required of the cable.   Silicon rubber was employed as 
an Insulating material because the use of special silicon rub- 
ber appeared to make It possible to manufacture the cables 
that satisfy Grade A. 

Then, three types of cables shown In Fig. 7, Fig. 8, 
and Fig. 9 were manufactured and the evaluation tests were 
made on them.   Several kinds of shields and sheaths of the 
cable were selected and combined.   The results of the evalua- 
tion tests are shown in Table 3. 

As for the cables of Type 1, both the silicon glass tape 
(glass tape on which silicon rubber is coated) and the mica 
polyester tape (polyester tape on which mica tape is stuck) 
short-circuited after the heat-resistance test, which, there- 
fore, was judged to be unsatisfactory.   But the glass mica 
tape (glass tape on which mica tape is stuck) appeared to 
satisfy the requirements having no reference to the presence 
of the shield.   Therefore, the final design was made using 
such construction. 

Since the cables of Type 2 were affected by the sheath 
materials, heat-resistant polyvlnyl chloride was adopted 
for the sheath for the final design. 

As for the cables of Type 3, the heating temperature 
reaches as high as 840oC which burns or melts all the 
materials except copper, and it is very difficult to keep the 
form of the cable.   Therefore, it was desired to keep the 
cable form to satisfy Grade A, and the construction shown 
in Fig, 10 was adopted for the final design. 

EVALUATION 

of Type 1 can be used for Grade B in a similar way as ordinary 
communication cables. 

'i   The cables of Type 2 of three different outside diameters 
were manufactured, and their heat-resistances and electrical 
characteristics were measured.   The Insulation resistances 
of the heat-resistance tests were lower than those of the 
cables of Type 1, but they satisfy Grade B.   Consequently we 
estimate that. If great importance is attached to the electrical 
characteristics under normal conditions, the use of the cables 
of Type 2 may be more advantageous.   The results of the tests/' 
are shown in Fig.  13 and Fig. 14. 

The cables of Type 3 were manufactured In accordance 
with the final design and the tests were made on thenA,   The 
test results, shown in Fig. 15, shows that the cables satisfy 
Grade A.   Only the cables of small outside dlamfeters were 
manufactured because It Is well known, by th^former tests 
when a weight (W in Fig, 4, 5, and 6) of two times cable's 
own weight Is loaded on the cable, that the smaller cables 
are more readily deformed. 

6.    CONCLUSION | 

The open wiring of the heat-resistant cables is possible 
and the cables of the same degree as those of ordinary com - 
munication cables can be manufactured.   We made it possible 
to choose various combinations of the cables depending, es - 
pecially, on the temperature and time.   (For example, if 
the cable for 380Pc, 30mlns. Is required, it may be obtained 
by combining the cables of Type 1 and 2.)  And the cables 
that will resist the temperature as high as 840Pc are also be 
obtainable. 

We believe that these cables are absolutely necessary 
for the development of fire-prevention systems. 
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Fig. 1  Standard curve of heating temperature 
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Three kinds of cables of Type 1 of different outside 
diameters were manufactured and the heat-resistance tests 
were made on them. These results are shown in Fig. 11. 
These results considerably exceed the goal values and it is 
confirmed that this design satisfies Grade B. The results 
of the measurements of the electrical characteristics are 
shown in Fig. 12.   These results conclude that the cables 
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Fig. 2  Wiring in fire retardant main construction 
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DEVELOPMENT  OF   IMPROVED   FLAME  RESISTANT   INTERIOR  WIRING  CABLES 

by 

S. Kaufman and C, A. Landreth 
Bell Laboratories 

Norcross, Georgia  30071 

ABSTRACT 

A PVC flexible  jacket compound with 
an oxygen  index of  32%  has been developed 
without sacrificing good low temperature 
brittleness properties.     The high oxygen 
index was achieved by minimizing  the plasti- 
cizer   level and substituting fine particle 
size hydrated alumina as a  filler/flame- 
retardant  for  the  Inert  filler,  calcium 
carbonate.     Preliminary data on  inside wir- 
ing cable  jacketed with  the new material 
satisfied  the goal of a  flame spread classifi- 
cation of  25.    A vertical corner   test   also 
shows  the progress made  in  improving  the 
cable's  resistance  to flame  spread. 

INTRODUCTION 

Since flame retardancy is a prime 
requirement  for  the Bell  System's  inside 
wiring cables,   these cables are  insulated 
and  jacketed with poly(vinyl chloride)    (PVC) 
compounds.     Rigid   (unplasticizud)   PVC  is 
a  highly flame retardant polymer   (oxygen 
index 45%) ,   but it  is unsuitable  for  wire 
insulation and cable  jackets.    Compounding 
with 30 phr   (parts per  hundred of resin) 
of plasticizer yields a  semirigid compound 
suitable  for wire  insulation,   but  the com- 
bustible plasticizer  causes  the oxygen  index 
of   the compound to be lowered to approx- 
imately 28%.    A typical  flexible  jacket 
compound containing 45 phr  plasticizer  and 
3  phr  of  a flame retardant also has an oxy- 
gen  index of approximately 28%. 

In recent years  there has been an 
evolution  toward increasingly stringent 
flame spread standards  in building codes, 
fire codes,   and in  the Bell System's design 
standards.     At the present  time a  flame 
spread classification   (FSC)   of 25 or  less, 
when the cables are tested  in the  twenty- 
five  foot  tunnel  test   (ASTM E-84)^is  being 
sought.     Bell Laboratories has undertaken 
a  flame  resistant PVC project with  the objec- 
tive of developing  improved PVC compounds 
which permit the design of cables  that  satis- 

Strictly speaking ASTM-E84  is a  building 
materials test and does not apply to 
cable.     However,   appropriate modifications 
have been made in order  to test cable. 

fy  the FSC of  25.     This paper describes 
the development and testing of an inside 
wiring cable that  has a flame spread class- 
ification of 25 as determined in a twenty- 
five foot tunnel   test.     Also,  the results 
of a vertical corner  fire test are pres- 
ented.    This type of test could be more 
indicative of  the  flame  spread of vertical 
cable  installations. 

CABLE CONSTRUCTION 

Inside wiring cable   (Figure 1)   is 
primarily used  for  wiring  to ke.,   telephone 
sets.     The core  is made up of twisted pairs 
of  24 gauge copper  conductors  insulated 
with 6 mils of  semirigid PVC compound. 
Unlike outside plant cables,   inside wiring 
cables do not have  a core wrap or  shield. 
The jacket  is a 30-35 mil thick     (depending 
on cable  size),   flexible,   light olive grey, 
PVC compound.     Central office cable  is of 
similar construction and  uses identical 
materials. 

PVC JACKET 
30 MILS THICK 

PVC INSULATED CONDUCTOIS 
6 MILS PVC, 24 GAUGE COPPER 

25 PAIR INSIDE WIRING CABLE 

FIGURE  1 

The formulation of the current insula- 
tion and  jacket compounds are shown in Table 
I.     Alternate formulations  incorporating 
other phthalate plasticizers are used,  but 
for convenience only those with a C7, C-, 
C,,     (711)   phthalate are shown.    The key 
properties of the  jacket compound are a 
brittleness  temperature of -28°C and an 
oxygen  index of  28%.    The wire  insulation 
has  the  same oxygen  index. 
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MATERIALS DEVELOPMENT 

The objective of the materials de- 
velopment was to design a PVC compound -.vhich 
maximized flame retardancy while at the 
same time maintaining the flexibility and 
low temperature impact resistance of the 
flexible jacket compound in Table I, i.e., 
maintain a brittleness temperature of 
-28<,C while maximizing oxygen index.  A more 
extensive discussion of the problems involved 
in balancing flame retardancy and low tempera- 
ture properties in the design of PVC compounds 
is given in Reference 1. 

In order to investigate the effect 
of plasticizer concentration and filler 
levels on brittleness temperature and other 
properties, a series of compounds were pre- 
pared.  A 711 phthalate plasticizer was 
used at three concentrations, 3), 40, and 
45 phr.  At each plasticizer cor.centration, 
the effect of varying the level of hydrated 
alumina filler was determined.  A fine parti- 
cle size (1 micron) alumina was used since 
it has been shown that larger particle size 
fillers severely degrade low temperature 
properties .  Standard sample preparation 
and test methods were used (See Appendix 
A) . 

Figure 2 shows the variation of 
brittleness temperature with plasticizer 
concentration and filler level.  Filler 
level is expressed as volume fraction and 
not phr since volume fraction is a more fund- 
amental parameter.  For convenience, the 
filler level in phr is also shown.  The 
brittleness temperature objective can be 
met with 40 phr plasticizer, and up to 30 
phr of fine particle size filler.  Use of 
45 phr plasticizer (the level in the flexible 
jacket compound) results in compounds that 
meet the brittleness temperature objective 
if the filler level is below 50 to 55 phr. 

The effects of plasticizer concentra- 
tion and flame retardant filler level on 
oxygen index are shown in Figure 3.  Anti- 
mony trioxide (SbjO-), at 3 phr, is included 
in all the compoundi.  The predominant influ- 
ence of plasticizer level in determining 
oxygen index Is  evident.  The compound con- 

taining 40 phr plasticizer and no filler 
has an oxygen index of 31%.  In order t-' 
attain this oxygen index with a coi.ipound 
containing 45 phr plasticizer, approximately 
50 phr of hydrated alumina must be added. 
Based on brittleness temperature and oxygen 
index, the optimum compound is one with 
40 phr plasticizer and 30 phr hydrated alumi- 
na.  It has an oxygen index of 32%. 
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Figures 4,   5,  and 6  show  the varia- 
tions of shear,  tear and tensile strengths, 
respectively.     In order  to provide a   frame 
of  reference,   the typical properties of 
the  flexible  jacket are also shown.     The 
addition of   the fine particle size hydrated 
alumina has   its greatest effect on shear 
strength.   Figure 4,    The decrease  in  shear 
strength  that occurs with  increasing  filler 
loading  is most pronounced  in  the compounds 
containing  35 phr of plasticizer.     The  shear 
strengths of  the 40 phr  plasticized compounds 
are close  to the typical value for  the flex- 
ible  jacket  compound.    The  tear   strength 
of  the 40  and 45 phr plasticized compounds 
are close to the typical value for  flexible 
jacket compound.  Figure 5.     Tensile  . trength 
decreases gradually with increasing filler 
loading.   Figure 6.    The compounds have  tensile 
strengths close to the typical value  for 
the  flexible  jacket compound. 
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Table  II compares the properties 
of the flexible jacket compound with those 
of  the experimental jacket compound contain- 
ing  40  phr  plasticizer  and  30 phr  hydrated 
alumina. 

TftBLE   11 

COMPARISON   OF   PHYSICAL   PROPERTIES  OF   JACKET   COMPOUNDS 

Flexible  Jacket Expe rimental  Jacket 

Oxygen   Index,   Percent 28 32 

Brittleness    Temperature,"C -28 -27 

Shear   Strength,   pounds 7'J 780 

Tear   Strength,   pounds/inch 
Die C 550 560 

Tensile  Strength,   psi 270O 2900 

Elongation  at  Break, 
percent 250 225 

Coefficient  of  Friction 
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FIRE TESTING 

Cable Samp]es 

Standard and experimental designs 
of 25 pair inside wiring cables were fire 
tested.  The constructions of all the cable 
were identical, only the materials were 
varied.  The three cables tested are describ- 
ed in Table III. 
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CAIILK   CnNSTKIICT I UN.". 

pvc insulation O.I. PVC .Muktl U._I 

Cable A Std. Semirl'iiJ in« Std. Flexible 2B« 

Cable D Std. Semlritjid 28« Experimental 12« 

Cable C StU. Semiriqid + 
2 phr sbjOj 

12« Kxper imontal 12« 

Test Procedures 

Standard conditions for the duration 
of the test are a 300,000 BTU/hr. gas fueled 
iynition fire at one end of the tunnel and 
an induced draft with a velocity of 240 
feet/minute. The test runs for 10 minutes. 
The ignition flame engulfs 4-1/2 feet of 
the test samples.  Flame spread is measured 
from this point.  As the flame spread down 
the tunnel, its advance is observed by the 
test engineer through small glass windows 
spaced one foot apart.  Using red oak, the 
conditions spread the flame to the end of 
the tunnel in 5.5 minutes (a flame spread 
classification, FSC, of 100).  Asbestos- 
cement board has an FSC of 0. 

25 Foot Tunnel (Modified ASTM E-84) , srtical Corner Flame Test (BTL Facilities) 

All samples were mounted in the top 
section of the tunnel (see Figures 7,8,9) 
over a support system consisting of 2 inch 
hexagonal poultry netting, and 1/4 inch 
rods at 2 foot intervals. Forty cables, 
each 24 feet in length, were placed to fill 
the 20 inch tunnel width. 

Twenty cables, 27 feet in length, 
were loosely bundled in the corner of a 
two story fire test building.  The cables 
were ignited by a propane fueled ribbon 
burner which yielded a 215,000 BTU/hr. 
flame. The flame is four feet high and 
is kept on for the duration of the test. 
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FIGURE 9 
Cable Samplet Mounted 
In the Top ol the Tunnel 
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Test Results 

Figure 10 shows flame spread vetsus 
time for the standard cable (Cable A) in 
the 25 foot tunnel. The flame reached a 
maximum spread of 7 feet in 3 to 4-1/2 
minutes and then receded.  The fire self- 
extinguished immediately after the igni- 
tion flame was turned off.  A flame spread 
classification of 36 was obtained.  This 
is higher than the goal of 25. This cable 
does have Improved fire resistant properties 
compared to earlier designs (pre-1972). 
The experimental cable has good low tempera- 
ture handling characteristics that are simi- 
lar to those of the standard cable. 

25 PAIR INSIDE WIRINO CABU 

CAIIE A 

JACKET: STANDARD FLEXItLE JACKET PVC 

INSULATION: STANDARD SEMIRIGID PVC 

EXPERIMENTAL IS PAIR 24 OAUOE INSIDE 
WIRINO CARLES 

FSC 35.9 

2 4 6 I 10 

ELAPSED TIME (MINUTES) 

FIGURE 10 

Figure 11 shows the flame spread 
results for the experimental inside wiring 
cables.  As was the case for the standard 
cable, the flame propagated to a maximum 
point and then receded and self-extinguished 
immediately after the ignition flame was 
turned off.  The cable with the experimental 
jacket (Cable B) had a flame spread classifi- 
cation of 27*.  Improving both the jacket 
and the insulation (Cable C) results in 
a flame spread classification of 23. 

* Flame spread classifications between 22.5 
and 27.49 are rounded off to 25 vhen the test 
is run for official classifications.  Thus 
a value of 27 meets our design objective 
of obtaining a 25 classification. 
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s < 

JACKET: 

INSULATION: 

CARLES t « C 

EXPERIMENTAL JACKET 

i CARLE ■ - STANDARD SEMIRIOID PVC 
CARLE C - MODIFIED SEMIRIOID PVC 

FSC 35 6 FSC 212 

CARLE B 

4 6 1 
ELAPSED TIME (MINUTES) 

FIGURE II 

Vertical tests yielded results 
consistent with those obtained with the 
25 foot tunnel. The standard cable (Cable 
A) propagated flame 9 feet above the four 
foot ignition flame while the cable with 
the improved jacket (Cable B) propagated 
flame 5 feet. The cable with improved jack- 
et and improved insulation (Cable C) spread 
the flame 4 feet. 

CABLE HANDLING TESTS 

An improvement in the fire resistance 
of this cable is the primary objective. 
The secondary objective is to accomplish 
this without sacrificing the handling char- 
acteristics of the inside wiring cable. 
This cable undergoes installation in a wide 
range of temperatures.  Operations include 
pulls through conduit and sharp bends to 
position the cable to provide service. 

A room temperature conduit pull test 
was made to evaluate the new cable versus 
the existing design. The procedure is to 
pull 50 foot lengths through a 1 inch dia- 
mater steel conduit (three 90° bends) until 
no additional lengths can be pulled through. 
The number of lengths pulled in and the 
pulling forces are recorded.  The cable 
jacketed with the experimental compound 
was equivalent to standard cable. 
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Low temperature properties were checked 
by recording the rate at which cracks occur 
In the cable jacket of samples subjected 
to an Impact test (a 4 pound weight dropped 
from 10 Inches above the sample).  Samples 
are tested at 20, 14, 7 and CF. The ex- 
perimental jacket Is similar to the stand- 
dard material In this temperature range. 

CONCLUSIONS 

The development of a flexible jacket 
compound with an oxygen Index of 32% has 
resulted In the design of an Inside wiring 
cable that meets the objective of a flame 
spread classification of 25. Additional 
tests are planned. Vertical corner tests 
of the experimental and standard cables 
verify that progress has been made in reduc- 
ing the flame spread of the inside wiring 
cable.  All other properties of the naw 
cable are nearly identical to those of the 
cable it is designed to replace. 
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MATERIALS PREPARATION AND TEST METHODS 

All samples were prepared by mixing the ingredients 
(approximately 1500 grams) in mixer followed by fluxing 
in a Banbury mixer for four minutes at 350°F and 
sheeting out on a two roll mill. Test plaques, 75 
mils thick, were compression molded.  The test methods 
used are shown below. 

TEST METHODS 

Property 

Tensile Strength and 
Ultimate Elongation 

Tear Strength 

Shear Strength 

Low Temperature 
Brittleness 

Method of Test 

ASTM D412 using Specimen 
and a speed of 20 inches/minute. 

ASTM D624 using Speciment Die 
C and a speed of 20 inches/minute. 

Bell Labs Test.  Shear strength 
is the force required to drive a 
one inch 45° wedge with a 30 mil 
flat edqe through a 75 mil 
thick test plaque. 

ASTM 0746.  Only complete breaks 
were considered failures. 
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DEVELOPMENT OF  NEW  FIRE-PROOF WIRE AND CABLE 

H.  MATSUBWU,   C.   MATSUNAGA,   A.   INOUE.   N.   YASUDA 
SUMITOMO ELECTRIC  INDUSTRIES,   LTD. 

OSAKA,   JAPAN 

Rummfli-y 

Recently the Japan Fire Defence Board made 
a regulation whereby owner of most buildings 
must provide emergency circuits for fire equip- 
ments such as indoor fire plugs, smoke blowers, 
emergency elevators and emergency exit indica- 
tor lamps.  These fire equipments must be able 
to operate as long as people can be evacuated 
when a fire breaks out. Therefore, when these 
circuits are exposed, "Fire Proof Wires" which 
meet the specifications of Japan Fire Defence 
Board can be used. 

It is desirable, though not regulated by 
law, that trains are provided with power and 
control circuits which have sufficient fire 
proof pioperties. 

We ha /e developed the following two types 
of new fire-proof cables which satisfy the 
above requirements. 
1) Low voltage wire (600 V class) which has a 
proof layer between conductor and polyethylene 
insulation. The special fire-proof layer is 
designed to prevent the high conductive flame 
from contacting the conductor. This wire is 
covered by Polyvinylchloride jacket. This 
wire withstands A.C. 600 V for 30 minutes and 
has insulation resistance of over 0.4 Megohm. 

2) High voltage Fire-Proof cable (6.6 KV class) 
which is comprised of conventional 6.6 KV 
class XLPE insulation, PVC jacket and outer 
heat resistance layer. This heat resistance 
layer consists of an asbestos layer and a 
cotton mesh tape coated with intumescent 
paint.  This cable withstands A.C. 6.6 KV in 
a flame at 840 C for more than 1 hour. 

i. tntcodm&iflfl 

Table   1.     Dependence   on  temperature   of 
Oxygen  Index   (0.1.) 

Materials 0.1. at 25C 
Temperature at which 0.1. 
horomes 21                  1 

Nylon 24 130 c 

Neoprene 41 325 c 

Rigid PVC 47.6 375 c 

PTFE 98 500 c 

L       ..     

It  has been reported that many people suf- 
focate  in a fire because  they are  unable  to 
get   out  of the  building as the  electric  current 
for  lights,  escape equipment  etc.   is  cut  off3) 
We  consider that  item  (2)   is  more  important. 
In this paper we will explain the  development 
of  fire-proofing wire  and  cable  from this 
point  of view. 

2.   DevfilQDmRnt   of   Low  Vnltap«   Fire-pt-onf   f.ghl» 
2.1.    Preaent.   Statn«   nf   Watinnal   Rggiil at^ nna 

In Japan, the owners of buildings are ob- 
liged by the Fire Service Law to install fire- 
prevention and alarm systems.  The kinds of 
systems and buildings are shown in Tables 2 
and 3. 

In Japan, cities have continued to grow. 
Many tall buildings have been built and many 
shopping malls, subways etc. have been built 
underground in order to utilize the limited 
space more efficiently. But once a fire 
breaks out in such places, the damage to 
buildings and the danger to people can be 
severe.  Because of this it is most important 
to improve the fire-proof efficiency of build- 
ing materials. 

There are two important ways to improve the 
fire-proof efficiency of wire and cable. 
(1) A fire does not transfer to another place 

along wire and cable. 
(2) Wire and cable continue to function for a 

certain time in a fire. 
Item (1) has been studied for years, and 

many studies have been established and pub- 
lished by improving the "fire retardance" of 
wire and cable materials. These fire-retar- 
dant materials can only prevent fire propaga- 
tion for certain kinds of fire-*-/ .  In an ac- 
tual fire there are few cases where only wire 
and cable are inflamable, but they are heated 
by other burning materials. In this case most 
organic materials burn. Even the oxygen index. 
(0.1) of polytetrafuloroethylene (0.1=98) 
becomes 21 as shown in Table 1 at 500 C and 
easily burns2). 
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Table   2. Fire   fighting  and   alarm  equipment 
prescribed   by  the   Fire   Service   Law 

1. Fire   fighting equipment 

(1) fire extinguisher,   water   tank  etc. 
(2) sprinkler,   water-fog extinguisher 
(3) bubbling extinguisher 
(4) CO    extinguisher 
(5) halogenation extinguisher 
(6) indoor hydrant 
(7) outdoor hydrant 
(8) dry  chemical extinguisher  etc. 

2. Fire   alarm equipment 

(1) automatic   fire  alarm equipment 
(2) electric leak detector 
(3) fire alarm system transmitting an alarm to a fire 

department 
(4) a.   emergency  bell 

b.  automatic siren 
c .   emergency announce  equipment,   etc . 

3. Evacuation equipment 

(1) fire escape, sliding way, etc. 
(2) emergency light, guiding light etc. 

• ■■■>'■■■■.-i^y 
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Table 3. The buildings and other atructurea 

preacrlbed by the fire Service Law 

1. a. theater, movie theater, entertainment hall 
b. public hall, «■■embly hall, 

2. a. cafe, bar, cabaret, night club, similar 
b. recreation hall, dance hall, 

3. restaurant, almllar facilities 

4. department store and other markeLa 

5. hotel. Inn, hostel, dormitory, apartment 

6. a. hospital, clinic, maternity hospital 
b. sanatorium for old or disabled people 
c. klndergarden, school for disabled people and children 

7. school, university 

8. library, museum, art museum 

9. public bath house 

10. waiting room at railway station and airport 

11. temple, shrine, chapel 

12. a. factory, work shop, 
b. movie and TV studio 

13. warehouse 

14. a. car garage, parking place 
b. aircraft or helicopter hanger 

15* general buildings not prescribed in the above items 

16. multi-purpose buildings or facilities subject to the Fire 
Service Law 

17 . underground market, 

18. buildings or structures designated as important cultural 
properties by Cultural Preservation Laws 

19. shopping arcade extending over 50 m. 

The  systems depend  on the use  and structure  of 
the building.     Most  fire-prevention systems 
must have their own emergency electric source 
(batteries  or  independent power plant)  and the 
wiring methods  in these systems are also speci- 
fied.     These  are  shown in Table  4.     Exposed 
wiring must  be fire-proof cable  (Table   5). 

Fig. 1 Example of systems and their wiring 

a Automatic fire alarm system 

emefgency 
.e      - control 

panel 

 (      detector 
powef soun '••„^           _x 

y^ speaker 

Sj Of siren 

Tr or / emergency s 

batt snes \^ Nght y 

b Indoor hydrant system 

emergency 
power source starter motor pump 

i 

1 
I 

hydrant 

/ emergency ^ 

light    J 

Class P 

Class E 1 

Table 4 
Wires and cables for fire prevention systems 

1 Aluminum sheathed cable 

2 Lead sheathed cable 

3 Steel tape armoured cable 

4 Chloroprene sheathed cable 

5 Corrugated metal sheathed cable 

6 Combined duct cable 
7 Heat resistant PVC insulated wire 

8 Chlorosulfanated polyethylene insulated wire 

9 Ethylene fluoride insulated wire 
10 Varnished glass tape insulated wire 

11 Asbestos sheathed cable 

12 Silicone rubber insulated wire 

13 * Ml cable 
14 *Fire resistant cables specified in the Fire Service Law 

Wiring method 

(1) in case of wiring in 

fire resistant walls and 

floores 

concrete wall 
or   floor 

(2) in case that the wire 

can not be installed 

in walls and floors 

thermomsulation 
(glasswool etc ) 

pipe metal pipe 

cable or wire cable or wire 

d.-20mm      PVC pipe 

d^lOmm     metal pipe etc 

(3)exposed wiring 
♦ These cables may be used without any protection, i e 

exposed wiring 

Table  s 

T .-s. 
(und il .on 

Special   tire-proof 

table 

600  V   (power) 

class  A 

lire-proof   calile 

00  V   (cont ruI; 

class  U 

There are two kinds of fire-proof cable as 
shown In Table 5 which are tusted under the 
class A or B methods,  l^ig. 1 shows the places 
where class A and class B cables can be instal- 
led as exposed wiring, in emergency circuits 
of automatic fire alarm systems and indoor 
hydrant systems prescribed by the Fire Service 
Law. 
Fir«   t.«Ht.   nf   firR-pronf   nahlw      The   test   intends 
to examine whether a cable  functions  satisfac- 
torily in fire  for a certain  length of time. 
After applying the  flame  at  a  specified tem- 
perature for a  specified time,   the  cable  is 
examined to see whether  it  can withstand the 
insulation resistance and  insulation withstand 
voltage tests.     The  following two methods are 
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used for the special fire-proof cable (class 
A) and fire-proof cable (class B). 
(a) Special fire-proof cable (for 600V circuit) 
The test consists of a heating test and a 
withstand voltage test. 
Heating test 
Fix a 1.3 m long wire sampoe with copper wire 
to a 10 mm thick perlite plate as illustrated 
in Fig. 2. 

4==+ 
— 300  

perlite plate 

50  

—100- 

fixed 
with 
1 6mm 
copper 
wire 

^rhrpi^a: T 

500 . 1 3m long 

cable specimen 

n § 

S-2Xcable outsidedia 

Fig. 2 

Put the sample  into the furnace,  with a load 
2 times the  sample weight and apply AC  600 
Volts.     Apply heat  for  30 minutes raising the 
temperature  according to the  indoor fire heat 
curve specified  in JIS C  1304 "Method  of Fire- 
resistance Test  for Structural Parts  of Build- 
ings"  as  illustrated   in  Fig.   3   (curve  1). 

84010 

IT 
3 

0) a 

10     15     20 30 

time(min.) 

Fig. 3 
After heating, measure the insulation resist- 
ance with a DC 500V megger. The value should 
be greater than 0.4 megohms. 
Withstand voltage test 
Immediately after the heating test, apply AC 
1,500 volts. 
The sample will withstand the above voltage 
for 1 minute. 
(b) Fire-proof cable (for circuit upto 60V) 
Fix the 1.3 m long wire sample with copper 
wire to a 10 ram thick perlite plate as illus- 
rated in Fig. 4. 

Put the sample into the furnace with a load 
2 times the sample weight and at the same time 
apply AC 250 Volts.  Then heat the sample at 
temperatures which are half of those in the 
indoor fire heat curve in JIS A 1304 (380 c) 

for 15 minutes as illustrated in Fig. 3 (curve 
2). 
After the test, measure the insulation resist- 
ance with a DC 500V megger. The value will be 
not less than 0.1 Megohms. 
These two kinds of fire-proof cables were first 
authorized by the Fire Defence Board but now 
a Committee authorizes them. 
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cable specimen 

(1 3m long) 

 300— 

T grille plate 

80 

c 
80 

— 70- 

Ö 
fixed with 1 6mm 
copper wire 

-load 

Fig. 4 

nthPT- Sppr.if irat.i nns The general performance 
specifications (except fire test) are also 
specified.  The specifications for the special 
fire-proof cable (class A) are listed in JIS C 
3342 "Standard for 600V PVC Insulated and PVC 
Sheathed Cable (VV)", and in JIS C 3307 "Stan- 
dard for 600V PVC Insulated Wire (IV)" for the 
fire proof cable (class B).  It is specified 
that the sheath shall not burn over 15 cm in 
length from the inside wall of the test cham- 
ber . 

2.2. Dir<>f,t.inn of Development 

The purpose of this development is to make 
a cable which has the same performance, is 
easier to handle and is cheaper, than M.I. 
cable.  In accordance with the requirements of 
the Fire Defence Board the wire shall be ex- 
posed at 840 C. At such high temperature, how- 
ever, most organic materials will burn com- 
pletely.  For the purpose of assuring cable 
performance in such a high temperature environ- 
ment the following two methods can be con- 
sidered . 
(1) Preventing temperature rise of cable com- 

ponents by using heat-resistant layer 
(2) Maintenance of the wire performance using 

both inorganic and organic materials 
Method (1) is not practical.  These kinds of 
cables are low voltage class cables and it is 
desirable to handle them as they are at present, 
since the workers who install them work for 
small companies and they are not familiar with 
special handling techniques. 
Method (2) (combination of organic and inorga- 
nic materials) is useful; i.e. the cable per- 
formance can be maintained with only the in- 
organic materials which are good insulation, 
after the organic materials are burnt out in 
a fire. 

2.3. F.l<»f.t.rira1 rhararteristi r« nf FT amp 

It is useful to know the electrical charac- 
teristics of a flame before beginning develop- 
ment of a cable that functions in a fire. 
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Many studies  concerning flame conductivity 

have been done •     Practical measurements of 
flame  conductivity have  been performed  recently, 
since many buildings have been built near high 
voltage  lines,   making  fire  fighting ver-y dan- 
gerous when a  fire  breaks  out in such buildings. 
An example  is  shown  in Fig.   5,  which shows that 
the  flames are  rather  conductive^'.     These  pro- 
blems were investigated  as  being due to ioniza- 
tion  of  combustibles  in a high temperature 
flame. 

Bunssn   hurnar 

.5) 

600 800 

ttmfMrati#l<T:) 

Fig S Conductivity of a fire 

Saha proposed  an expression as follows"" 

+ log(ga+-ge  ) 
8a 

K     :   equilibrium  constant for ionlzation 
E,   :   ionlzation potential 

g  |   ge»   g   '•   statistical weight of ion, 
electron and atom 

A high temperature  flame  ionizes atoms which 
are contained in fuel and as a result the flame 
become  more  conductive.     Of course  since the 
ionlzation potentials are determined by the 
ion source,  the  conductivity of a flame  is 
Influenced  by the  burning material.     Many fuel 
gases and radicals,   such as Oj,  N2,  H2,   H2O) 
CO2,  CO,  OH,   H,   CH4 have  less  influence  on the 
rate  of  ionlzation of the  flame because  of 
their high ionlzation potentials  (over  12 eV) . 
For example,   CO  can supply only 10°  ions per 
cc to the flame  at  3000oK.    The most popular 
ion source which has a  low ionlzation potential 
in a flame  is NO   (9.5 eV)  and this  1% nitrogen 
monoxide produces  lOll  ions per cc.     The  flame 
conductivity can be  changed remarkably by the 
metal  impurities   (for example K;   4.3  eV,   Ca: 
6.1 eV,  Cu   :   7.7  eV etc.).     10"6% potassium 
atom (K)  in the  flame produces more  ions than 
nitrogen monoxide . 
P.vpftrimant-1 .     The high conductivity of flame 
when wood is burning is  caused by these K and 
Ca atoms.     Taking the  above into account we 
conducted experiments   (experiment-l)  and the 
results are  shown  in Table  6. 
The data shows that the  insulation resistance 
of  a flame  varies  according to the  fuel.     When 
soft PVC,  the most popular material for cable 
jackets,  burns,   the  flame  becomes highly con- 
ductive .    When the  flame  is highly conductive, 
it  is difficult to insulate the cable,  by ap- 
plying inorganic  fiber  separators which a   flame 

can easily pass through. 

Table  6       Insulation  resistance   of  flame 

Sample 

none 
PE 
PVC 
wood 

insulation resistance   (MQ) 

70 
50 

5 
10 

„ gap=1mm 

measure the 
insulation 
resistance 

sample 

Bunsen burner 

experimental method-1 

F.Ypf.rini«nt.-2.    Table  7  and  Fig.   6  show the 
results  of a fire test  in which the wires were 
wrapped with glass tapes  etc.     The  experiment- 
was carried out in the following way. 
Wires wrapped with an inorganic  separator  are 
twisted.     Then these wires  are burnt with four 
Bunsen burners.     At the  same time  combustibles 
are  burnt  under them and the  insulation  resist- 
ance between the two conductors is measured. 
The  results  lead to two conclusions. 
(1) The  insulation resistance does not  rise with 

an inorganic fiber  separator which a  flame 
can pass through. 

(2) The  insulation resistance decreases when 
some   inorganic fibers  such as  glass  tape 
with organic binder which is easy to  ionize 
and  carbonize are used. 

A heat-resistant separator should  be made  of 
materials which  (1)   a  flame  cannot  pass  through; 
(2)  does not include contaminations which  carbo- 
nize and  (3) can maintain good insulation resist- 
ance  at  high temperature. 

Table 7  Minimum insulation resistance (Mß) 

^-—^ Inorganic          ' 
—-^aeparator] 

Combustibles         ^1 
Gl 

(non 
ass tape   (1) 
heat-cleaned) 

Glass tape   (2) 
(well heat-cleaned) 

Burner only 3 50 

PE 2 10 

PVC 0.05 j 0.05 
wood               f 2 7 
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Ftg 6 The experimental method 2 

Fig. 7 Glass tape-f clay powder 

2.4.   Th«   nRVftlnpmpnt.   of   a   Hfiat-rpaistant.   Sepa- 
rator and Tmnrnvpment of MatBciaAfl 

We began to develop a heat-resistant  inor- 
ganic fiber separator which prevents a conduc- 
tive flame  from reaching the  conductor.     At 
first,   a glass tape which had a good insulation 
resistance  at high temperature was chosen as 
a base separator and the meshes of the tape 
were  filled  with  Inorganic  powder. 
RYpf-rimpnt.-^.     The method  is  the same as ex- 
periments.     In  this  experiment  PVC was   burnt 
for the purpose  of making the  flame conductive. 
Table  8    shows the separator  structures and 
their minimum  insulation  resistance.    These 
experimental  results  show that  the  mineral 
powder  rubbed  in  the   tape  meshes  prevents  a 
conductive  flame   from  reaching the  conductor. 

^W. 

Fig 8 Glass tape+Hi-sil powder 

Table  H      The results  of exporimcm-3 

Structure of separator^ Minimum insulation 
resistance (K£) 

glass tape wrapped 2 t imrs 
thickness  0.25 mn 10 

glass tape ■f aluminum oxide powder 
thickness =- 0,3 mm hOO 

glass tape -t clay ^Whitetex) powder 
thickness - 0.3 mm 400 

glass tape + Hi-sil powder 
thicknea* - 0.3 mm 200 

^lass tape + mica powder 
thickness ^ 0.3 mm 100 

'<  The  powder  was  made   into  a  paste   with  toluen  and  was 
rubbed  in  the  glass  tape   and  covered   with  another  glass 
tape . 

In order to prevent  the  powder  from coming off 
the tape,   a  layer of  glass tape  is added.     In 
this case the separator cracks  in the  fire. 
Figs 7  and  8  show the  samples  after experiment- 
3.    It  is assumed that the  inorganic powder 
cannot provide  enough  insulation resistance 
for the  wire  because   it  is   coming off and  the 
separator cracks.     A good  binder is necessary 
to prevent  the  powder   from  coming off  and  the 
separator  from cracking 

F.Ypprimfint-A.     The method is the  same  as ex- 
periment-3 .     As  a  result  of  these  experiments, 
it was  found that a material such as silicon 
which burns  and becomes an inorganic powder,   is 
a more effective binder than polyvinylacetate 
which burns  completely and does not come  off 
and  the  separator does  not  crack  if  a  silicon 
rubber   is  used as the  binder.     The  results   of 
experi.nent-4 are shown in Fig.   9  and Table  9. 
As described  above the  development  of  an ef- 
fective   heat-resistant  separator  was  accom- 
plished . 

•xpcri mi'iil -4 
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Structure  of separator Mi nimum  insulali 
'        resistance   (M. 

i on 
) 

1. £;lass   tape   -t   a  tompound  of Hi-sil 
and   poly-acetat e   ( 5;SO) 

glass   t ap»1     thickness       0.3   mm 
2. glass  tape  -t   a  compound  of  Hi-sil 

and   silicon  oil   (5^50) 
glass   tape     thickness   -   0.3   mm 

3 .   glass tape  + a compound of mica 
powder  and  silicon oil  (5:50) 

thickness       0.3  mm 

4,   glass  tape   +  a  compound   of  Hi-sil 
and  silicon  rubber    ( 5 : 50)  glass 

thickness  ^  0.3 mm 

5-   glass   tape   +   silicon  oil 
glass  tape     thickness  =   0.3  mm 

0.3-0.4 

S-15 

H-10 

0.5 

* This rubber is a liquid type which can be crosslinked at 
room temperature to a solid. 

-mni 1     1 1 HWhilkiaUiWiiaMbaMiUMM^Mi  ^   ■ mmä 
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Fig. 9 Glass tape with Hi-sil and silicon rubber 

TmprnvBin«nt.   nf   pahl»   material H      Many   important 
facts which improve the other cable components 
were discovered during the investigations. 
The two most important are; 
(1) The insulation resistance is greatly im- 

proved when the cable components are burnt 
as completely as possible without emitting 
smoke or soot, and 

(2) using the endothermic reaction of the hy- 
drate water and the like is an effective 
way to prevent the cable component temper- 
ature from rising. 

Considering the above points, s.iokeless PVC 
compound (PVC which does not emit a lot of 
smoke) was used as the jacket m terial and 
atactic polypropylene compound which was 
highly loaded with aluminum hyroxide as a cable 
filler instead of jute and polypropylene was 
also used. 
Table 10 shows the construction and Fig. 10 
shows the result of a fire test on these fire- 
proof wires using these new materials, which 
was conducted in accordar.ce with the method 
specified by the Fire Defense Board of Japan. 

Tattlt*   10      The  utructur« ul   ni-w  ftro-proof wire 

( oiiducl or CoppiT        'it    x   .30     rnm" 

Hoat-ruNiniall)    !    A  UIHHM   lajii'   .i|i|illi'd   wllh   a   -.iJiiun   riihlnr 
i um|i()iihil   or  a   ula^r.   t a|)i'   applied   mica 

Insulat i un HoJyrt hylene 

Mli.M An  atJictic   pul yiiropy K'lii-   comiujund   wiO>   .1 
Ui'i'al   aiRuuiit   ut   aluminum hydruxide 

Jacket smokeless   PVC 

100 

G 
5 

02 

0   atactic PPi 
1 compound 

filled with 
Ca CO,.A£(0H)s 

X i PPr cod 

10 15 20 
time(min ) 

25 30 

Rg 10 Relation between IR and time in a fire 

(B.D. voltdfle after fire test    A ■ >3oooV 
V      3 ß^ 2300V 

Table 10 (2) The structure of fire-proof cable (exracts) 
(class A) 

Conductor Heat 
resistant 
layer 

(mm) 

Insulation 
thickness 

(mm) 

Jacket 
thickness 

(nun) 

Overall 
diameter 

(mm) 

Cable 
weight 

(kg/km) 

Core No. 
x size 

(mm2) 

Structure 

(No./mm) 

Outside 
diameter 

1  x  38 
1  x  100 
1 x  400 
1  x  1000 
3 x 38 
3 x 100 
3 x 400 

7/2.6 
19/2.6 
61/2.9 

127/3.2 
7/2.6 

19/2.6 
61/2.9 

7-8 
13.0 
26.1 
41.6 
7.8 

13.0 
26.1 

0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 

1.2 
1.5 
2.5 
3.5 
1.2 
1-5 
2.5 

1-5 
1-5 
2.1 
2.8 
1.8 
2.4 
3.6 

17 
22 
37 
56 
30 
46 
79 

540 
1190 
4280 
5400 
1570 
3980 

14070 

Conductor 

Fire resistant layer 

Polyethylene insulation 

Filler 

PVC jacket     
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^reresisUnt ^ sleeve    ^^ 
© Q Q conductor layer ( v       ^       - insulation® glasstape applied with 

a silicon compound or 

glass-mica Upe 

[DeU,l cf co,e jomt) Q   self-bonding Tnsulat.on tape 

®  Pvc tape 
Fig. 10 (2) Straight joint of fire-proof cable 

In this way, we made a better fire-proof wire 
and cable by improving the cable materials and 
producing them which are up to lOOOmm^ of con- 
ductor size and the maximum core number is 30. 
Table 10 (2) shows the extracts of them.  At 
the wiring of fire-proof cable, the terminal 
is equal to that of common wiring because it 
is assembled in a fire resistant box.  But the 
straight joint and the branch of the cable need 
to meet the same test as the cable.  Fig. 10 
(2) shows the construction of straight joint 
for them. 

3. Dovglnprnpnt. nf th« hi gh-vnlt.aye firo-prnof 

r.flhlf; 

3.1. Thn sperialit.y of high vnJt.AgR rahlf- 

The structure of high-voltage cable over 
3 KV has been fixed and the cable consists of 
(1) an inner semiconductive layer, (2) insu- 
lation, (3) outer semiconductive layer. Con- 
cerning the guarantee of the cable life in 
general (excluding fire), it is not favorable 
to obtain the fire-proof efficiency by changing 
the structure. 
It is necessary to develop methods other than 
those used for the low voltage fire -proof wire 
and cable. 

3.2. Thp   pnsBJhilit.v   nf   t.hp   «ffertive   heat- 
rBsiatanrP   mphhnrf 

The most effective fire-proof method for 
inherently combustible organic materials is 
to i'se a heat resistant method so that the heat 
resistant layer prevents the temperature of the 
cables materials from rising to their thermal 
decomposition temperature.  Table 11 shows the 
thermal conductivity of various kinds of 
materials.  It is natural that the thermal 
conductivity of gases are very low. The ef- 
fective beat resistance is supposedly possible 
if it intumesced materials can be used. 

However, when these intumesced materials 
are actually applied to the wire and cable 
components the following problems are en- 
countered : 
(1) The heat from the cable cannot diffuse and 

the cable becomes hot 
(2) the intumesced material does not keep its 

shape at high temperatures in a fire. 

conducter 

semiconducting layer 

insulution 

semiconducting layer 

copper shield tape 

jacket 

Fig. 11 Structure of power cable for over 3KV 

Table 11   Thermal conductivity cf various kinds of 
materials (K cal/m-hr-C)6' 

matt rials 

Al 
Fe 

glass 
concrete 
asbest o 

thermal 
conductivit y 

ISO 
50 

1.3  -  O.ti 
0.5  -   0.4 
0.2   -   0.1 

materials,       thermal 
i conductivity 

prast ics 
water 
air 

steam 
CO,, 

0.0   -   0.2 
0.5   -   0.1 

0.02 
O.OID 
0.011 

An intumescent fire-proof paint has been de- 
veloped in order to solve the above problems. 
It begins to foam at a high temperature and 
makes a layer which is 20 times thicker than 
usual.  The intumesced foam can maintain its 
shape at over 800 C. These special charac- 
teristics solve the above two problems.  An 
example of the paint is shown in Table 12''. 
The observed thermal conductivity of this in- 
tumescent fire-proof paint is shown in Table 
13. 
The convert ion heat resistance is the ratio 
of total heat resistance due to the increase 
of thickness which is increased over 20 times 
in a fire.  This paint only provides effective 
heat resistance in a fire because the layer of 
paint is very thin. 

21 

• .^^■.■I....IL..I.'... ii-»l,-,-t;:i,.-ii,li>1l,.#. (t*4W..>^W---w*rf"l.'.-J 

■JK« ' 
aa ^lVi^;.w.tt-.^.w^.-.^....l^,^^^ .■■J.^:.tM^^>.^i<ag.^^^..^j-J^fc-..-^w.>..,■..:') .-.,■.. 



... ■ ▼ '■ 

^t'T"^!"W,.llMIll1"li« I I.I.IPIM (ailumwDMUl    » .W'.VM JV('W!1"W^T)J^« 

wwwj»t<. Mm   ^.^       immii———MHMIMWI——II 1. JJ.i.. ,, „....., 

Table   12       An  c-xample   of   t'ormulat i oil 

water 
wetting  ajjent 

Ti02 

ammonium  polyphosphate 

urea-t'ormalclehyde   resin 

Di'-yanidiamidc 

Dipentaerythritol 

Chlorinated  parat'ine 

(7) 

31.0 

0.5 

8.0 

24.0 

2.0 

8.0 

4.0 

5.0 

lill.lr    14 ( ,il. ..I.il lull/. 

HUmtii«- 

(iKV-2 2inm 
':V   i«l))«. 

It.-.it    i'i'Ninltiiil    l.tyft 

t m iim«.Hi:ent   iiaint 4V.25 
itmm Hi ink) 

ln-Mlt)  t d|if.   < Smm thtckjj     54.25 
i   iaiUJMttcefit   puint 
(2mtt  thlik) 

uxliesl u   lapi'   ( 5mnt   tttltk^     t>4.25 
t   intumeHtutnt   pal ill 
( 4ntiii   thilk) 

l.llllltN      III 
II     lilt' 

(mm) 

1 liiM-   tut-     I imi*   mi- 
111   tlw til   I he 
Mult at... «urface 
1 .■tnp. tontp. 
Itoiume heculMi 
500  C 700   t. 
(mln.) (min.) 

ü.'i 3.4 

Table   U       Thermal   conductivity   of   this   intumeHcent 
fire-proof  paint. 

1 hi-al 

i 

-resistant 
c.cm/w 

cunveraion heat 
resistance 

PVC 
fire-proof paint 

(in usual  use) 

600 

701) 1 

(in a  fire) 1620 i              740 

TaWe   15       Constant 

inlumescent    layer 

PVC  Jacket 

X(cal/cm.ser .r,)|» (g/cm3 

0.00015 

0.0004 

0.2 

1.3 

C(cal/g-C) 

0.2 

0.5 

We calculated the heat resistant efficiency in 
a fire by actually uciug this paint.  An intu- 
mesced layer of cable is considered to be an 
infinite cylinder because the intumescent 
paint becomes a thicker intumesced layer in a 
fire, and it is assumed that the temperature 
difference exists only in the radial direction. 
The rate of increase of temperature of this 
cylinder in a non-stationary state is formula- 

rized as follows. 
i2„ 

-i = K (Jr 
t        r 

k = }/c? X : 
T : 
C : 
t : 
S : 
R : 

^li) w 3r 

thermal conductivity 
temperature 
specific heat 
time 
specific gravity 
outer radius 

Under the boundary conditions t = 0, T 
and t = 0, r = R and T = To = constant) 

ll 
Jaeger 

The prototype cable was fixed in the test 
chamber for fire-proof wire and cable.  Then 
the temperature of the gas burner flame was 
set at 850 C and the time until the cable 
brokedown (this time is called the life time 
hereafter) under 6 KV was measure.  Thu result 
is shown in Table 16. 

The intumescent fire-proof paint can greatly 
lengthen the cable life.  A high voltage cable 
used for a main power line should be able to 
function for one hour in a fire. The data in 
Table 16 is compared with the result of calcu- 
lations in order to investigate how to lengthen 
this lifetime. 

Table  16       Improvement  of fire-proof performance with 
the  improvement  of heat   resistance 

et al. solved this equation (1) and interpreted 
it for k and r/R graphically°) .  The result of 
this calculation is shown in Table 14"^. 
The time it takes the temperature ofo the cable^ 
core surface to reach 500 C and 700 C froin 20 C 
when the cable sample is in a fire at 85O C is 
calculated. The constants used in this cal- 
culation are shown in Table 15. 

3 .3 . The experimental reHiilt. «nri Hnlntinn nf 
Drohlftms using a prnt.n-t.ypt. rahlp 

We would like to explain the test results 
of several prototype cables, with various kinds 
of heat resistant layers, which were carried 
out on the basis of the results of Section 3.2. 

method  of   heat   resistance time 
down 

until   the   cable  breaks 
under  AC   6.6KV 

none   (1)' 3' 45" 

none   (2) 4' 

asbesto tape wrapping 
(3mm thick) 10'30" 

corrugated pipe 12'5" 

intumescent fire-proof paint 
(2nii» thick) 17'0" 

asbesto tape   (Sm»  thick) 
+  intumescent   fire-proof  paint 
(2mm thick)   asbesto tape 
(5mm thick) 
+ intumescent  fire-proof paint 
(5mm thick) 

29130" 

38'0" 

♦cable: 6.6KV 1 x 22 mm PV cable 

**cable: 6.6KV 3 x 22 mm2 CV cable 
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The   i line unl 11 the core aurracc   tenipcrut iirt- 
reaches   S00 C  in  close   to   the   life   lime.     Hut 
there   is a great difference  l>etweoii  tlu;.se  two 
t imes  when  the   fire-proof   layer   is   rather 
thick.     When  t lie   samples were   observed   after 
the   test   it   was   found  that,   the   int umesced   paint, 
layer   fell  away   froti  the   cable   as  shown   in  Fig. 
12.     The  life  l line can  be  prolonged  if  this 
paint   layer  does  not  come   out . 

.iil    (IK 

When  cable   breakdown  does  not   occur  until  the 
cable   core  surface  temperature   reaches  700  C 
as  calculated  before  in Table   14,   the   life 
time   can be  prolonged.     Fig.   13   shows  the 
sample  after the   fire   test. 

Table   17   shows   the   time   it   takes   these 
various   kinds   of   core   samples  wrapped   with   only 
copper   tape   to  catch   lire. 

In  oidei1   to  prevent   the   intumesced   cartxnized 
layer  from  dropping down  and   to maintain  uniform 
thickness when  the   layer  was   intumescing,   a  cot- 
ton  mesh   tape,   previously   coated  with  the   intu- 
mescent  paint,   was wrapped  around  the  cable. 
The  tape  prevented   the   paint   from  running  and 
it  became  a  supporter  of   the  intumescent   layer 
after  carbonization. 

As  a   result   the   cable   has  an  intumesced  heat 
resistant   layer  which  is   thick enough,   as   shown 
in  Fig.   3 4.      Table   IS   shows  the   fire-proof  per- 
formance  of  the  prototype  cable with  these  coun- 
termeasures.     Fig.   15   shows  the  typical  construc- 
tion  of   the   cables. 

Wttt 

As the temperature of the core rises the cross- 
linked polyethylene expands to make the copper 
wrapping tape like a pipe, which stops oxygen 
from reaching the insulation.  It is supposed 
that in this state the insulation does not 
catch fire but when the temperature rises more 
the copper tape breaks because of the expan- 
sion pressure or the insulation and then the 
components of the core, the inner semiconduc- 

tive layer, insulation and outer semiconductive 
layer, burst out, catch fire and cause the 
cable to breakdown. 

It is difficult to solve the problem of 
insulation burst.  Using copper pipe instead 
of copper tape can stop oxygen from reaching 
the insulation but the flexibility is lost 
and in case of copper corrugated pipe the space 
of the corrugated fold creates other oxygen 
and electrical problems.  Double layers of 
copper tape were applied to obtain mechar teal 
strength and a semiconducting spacer was ,)ro- 
vided between the copper tape layer and the 
outer semiconducting layer to cancel the heat 
expansion. 

Fig. 14 Result after fire test 

Thr   ficr-prouf 
cables 

pt i) urmantr   ot    t tu*   prol ot ypc 

f ir«-proof 

asfctesl '> ( Smm t hick 
+ int unu'sKMHit laver 
thuk) 

asl est ( Siun t hicii 
+ int umesttmt layc 
(4fflm   t hick) 

a.sheslo ( Smm thuk 
+ int nmesf.rnt lay« 
Ihirk) 

I ime j, 
(calculated) 

3*24" 

38' 

limr   until   the   t empi.'iat »u* 
700'.: 

DV   t he   cove   smi it 
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tape I )vor 

space 
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semtconrlucttve sp.tcei 

sonnconrtuctivB uyot 

insulation 

stiniiLOnductivo layöi 

conductor 

Fig 15 Structure of High Vnltage fire proof cable 

tion in a I'ire", and not from the usual study 
on flame retardant material.  Many problems, 
such as prewnting the cable from generating 
gas like HC1 and smoke, remain, but the are not 
thought to be important because many other 
materials are used together with wires and 
cables which givj off a lot of gas and smoke 
in a fire. 

The high voltage fire-proof cable which could 
operate for from 30 minutes to an hour in a fire 
was obtained as a result of this study. 

5. Ar.knBwlerigRment 

We wish to express our sincere appreciation 
to Mr. Yasui, Mr. Shiga, Mr. Inagaki and other 
many people of our company. 

Mean while, many high voltage circuits are 
also used in the building and it is planned by 
the Board to ought to use fire-proof high volt- 
age cable for emergency high voltage circuits. 
The cable mentioned above will meet this regu- 
lation. 

In this case, the cable termination is set 
in a fire resistant box.  Normal joint and 
branch will be unnecessary because of the short 
distance of the circuit, but we are going to 
study about the.n to apply to the high voltage 
power and control circuit of railroad and high- 
way in tunnel. 

■\. r.nnr-.liisJQn 

We reported two examples of our development 
of "Fire-proof wire and cable ." We tried to 
improve the fire-resistance of cable from the 
stand point of the "maintenance of cable func- 

Bafaceacea 

i) T.  Hagihara,   H.  Matsubara,  Reports  of Study 
Meeting on Insulating Materials,  IEEJ IM- 
74-16 T1974) 
P. R.  Johnson et.   al.     ACS  106th Rubber 
Meeting preprint No.10  (1974) 
J. H. Petajan, ibid., No.14 (1974) 

4) M. Yoshida et. al., unpublished data (1973) 
5) J. N. Bradley, "Flame and combustion pheno- 

mena" Methuen & Co. Ltd., (1969) 
"Handbook of Chemical Engineering", Maruzen 
(1958) 
K. Okada et. al., Hyomen 13 231 (1974) 
H. S. Carslaw, J. C. Jaeger, "Conduction of 
Heat in Solids" 2nd edition Oxford University 
Press (1959) 
K. Ishise, unpublished data (1974) 

2) 

3) 

6) 

7) 
8) 

9) 

Authors 

Hironaga Matsubara 

Hironaga Matsubara was born   an October  12, 
1942 in Shiga Prefecture. 

He  received the B.S.   and the M.S.   Degrees 
in Applied Chemical Engineering fi-om Kyoto 
University in 1965 and 1967  respectively.     He 
joined the Research & Development  Laboratories 
of Sumitomo Electric Industries,   Ltd.   in 1967. 
He has  been working on research of high poly- 
meric material insulation and jackets ever 
since.     Mr.  Matsubara is  a member  of the Society 
of Polymer Science of Japan,   the  society  of 
Rubber Industries of Japan and the  IEEE  of Japan 

Chiaki Matsunaga 

Chiaki Matsunaga was born on August  30,   1937 
in Osaka. 

He received the  B.S.  Degree in Mechanical 
Engineering from Osaka University in 1961  and 
joined Sumitomo Electric  Industries,   Ltd.   in 
April,   1961.     He  is now the manager of insulated 
wire £' cable  production engineering section. 

24 

*°«<*'*»<mmmmmmmmMmmmmmmmmmm :,:,•„■; J" 

Müüg ■■ ummmämmimäüm 1^—MB 



x 

Akihlko  Inoue 

Akihiko  Inoue was  born  on  April   13,   1938  in 
Manchuria. 

He   received  the  U.S.   Degree  in  Electrical 
Engineering  from Kyushu University  in  I96I  and 
joined  Sumitomo Electric  Industries,   Ltd.   in 
April,   1961.     He  is  now the  manager   of  rubber 
and   plastic  wire  and  cable  engineering section. 
He   is  a  member  of the  IEEE   of Japan. 

Norihiko Yasuda 

Norihiko Yasuda  was   born  on March 6,   1946 
in Osaka. 

He  received the  B.S.  Degree  in applied Che- 
mistry and M.S.  degree  in petroleum chemistry 
from Osaka University  in 1969 and 1971,   respec- 
tively . 

In  1971,   he  joined  R&D  group  of Sumitomo 
Electric  Industries,   Ltd.     He  has  been working 
on the  research of high polymeric material 
insulation and  jackets ever since.    Mr.  Yasuda 
is a member  of  the  Chemical Society of  Japan. 

Mailing address 

Sumitomo  Electric  Industries,   Ltd. 
1-3,   Shimaya  l-chome,  Konohana-ku,   Osaka,   554 
Japan. 

25 

I 
...**rtMi*,K^jiVJ<;r 

^jasw»«'"' 

--fv-'/'-' 
t -      ■ —: .J.^—..^ ^—..I 1—.-.. ..  ^ ..■■   .  *M.li.'..:4U(*W>^UU:.W :».!.*'.  „iJ.,i:Wniiu1i 



rjfcjjjj.HJiwD" mwnyzi 121.1'WJ.l!lL!i.L':■':.  '""m"""3'™nJ'.i''ll.'.!^T" """.:'" mmm^^mmmimmmwvmm' i  m. nimn 

FIRE   HAZARD   EVALUATION   OF   CABLES   §  MATFiRIALS 

E.J.   Gouldaon,   Ü.H.   Woollerton   &  J.A.   Cheokland 
NORTHERN   ELECTRIC  CO.   LTD. 

Montreal,   Quebec 

ABSTRACT 

Test methods currently used for testing 
cables and cable materials are discussed and 
improved techniques are proposed.  The vir- 
tues of the proposed techniques are illus- 
trated by means of a typical fire retardant 
cable compound development.  Finally the 
concept of a fire hazard rating system is 

introduced as a rationalization of the in- 
terpretation of cable and materials flamma- 
bility testing. 

INTRODUCTION 

The wire and cable approach to flamma- 
bility has been changing over the last few 
years.  Originally cables were constructed 
of materials designed to minimise the possi- 
bility of ignition and propagation of fire 
from short circuits, arcing, etc.  The stan- 
dard test for these constructions has been 
the vertical flame test as described in 
standards issued by such bodies as ASTM, U.L. 
CSA and IEC. 

More recently a drive for improved per- 
formance has been felt where interest centres 
on the contribution of wire and cable to an 
existing fire rather than as a source of 
combustion.  In some areas cable volume is 
small compared with other flammable materials 
and can be ignored, but in such locations as 
telephone exchanges power stations, subways 
etc. the amount of cable can be substantial. 
Recent fires in the New York telephone ex- 
change and Montreal Metro have shovi/n that 
the cables contributed significantly once the 
fire had started. 

With this changing emphasis in the in- 
terpretation of the role of cable materials 
in a fire situation in mind, this paper pre- 
sents a critique of some of the test methods 
currently used for fire evaluation of cables 
and materials, and 1 eads to proposals for new 
test methods.  Insic e cable is used as an 
example of how these methods may be used to 
follow improvements in the insulating and 
jacketing materials. and provide evaluation 
of modified cable constructions.  Finally 
the concept of a fire hazard rating is in- 
troduced as a realistic assessment of the 
total test data. 

FLAMMABILITY  OF  PLASTICS 

While one of the objects for wire and 
cable is to improve their response to fire, 
very few of their electrical or physical 
characteristics can be sacrificed.  Thus it 
is unlikely that a unique solution can be 
found, but rather that different approachc 
will be used in different applications. How- 
ever a basic understanding of what occurs 
during the combustion of a polymer is useful, 
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Finally during the fire, smoke, which is 
the airborne mixture of heated gases, liquid 
droplets and solid particles, can be given 
off in large volumes.  This is a hazard in 
itself, causing panic and obscuring exits. 

FLAMMABILITY   TEST   METHODS 

Having defined the factors which must be 
considered, namely heat, fire spread, toxic 
and corrosive gases and smoke, the tests pre- 
sently available for the evaluation of 
materials and products can be critically 
reviewed. 

Horizontal  and   Vertical  Flame   Tests   - 
Materials  

This is a standard test and variations 
of the method are found withir. specifications 
issued by ASTM, Underwriters Laboratories as 
well as other National and International 
standards writers. 

The test consists of exposing a bar of 
the material to the flame from a bunsen burn- 
er for a specified period of time or number 
of times.  For these tests pass/fail criteria 
are based on the time for the flame to extin- 
guish after the removal of the burner toget- 
her with the distance the flame travels.  Al- 
though suitable for most materials, there are 
some, e.g. nylon which move away from the 
flame during testing and cannot be properly 
assessed. 
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Vevticai   Flame   Teat Cab Iea 

For a typical vertical flame test on a 
cable, the cable is mounted vertically and 
exposed to the flame from a bunsen burner 
inclined at 20° to the horizontal.  An indi- 
cator of gur.imed paper is wrapped around the 
wire 10" above the point of application of 
the flame.  The flame is applied to the wire 
for fifteen seconds five times, with fifteen 
seconds between applications and the wire is 
considered to fail if the indicator is bur.;t 
when the flame extinguishes. 
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Oxygen  Index  Test   - Materials 
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Smoke  Measurement  - Materials 

Most smoke chambers are similar in that 
they use the attenuation of a light beam as a 
measure of the smoke density when a material 
is pyrolysed using either radiant heat (non- 
burning) or a flame (burning).  There are 
presently two standard methods within ASTM 
for the measurement of smoke, the N.B.S. 
chamber and the Rohm and Haas equipment - 

Refs. 15'16-  /v chamber has been developed in 
the Northern Electric laboratories and is 
referred to as the N.E. Smoke Chamber.  It 
has the advantages of being inexpensive to 
build and gives reproducibility acceptable 
for plastic materials. 

The N.E. Smoke Chamber is a totally en- 
closed box made as leakproof as practical in 
order to contain all smoke produced during a 
combustion test (background of Fig. 1).  The 
smoke is measured by attenuation of two light 
beams, one vertical and the other horizontal. 
Voltage output from the detectors is recorded 
on a two pen chart recorder and from this can 
be calculated : 

1) The total maximum smoke concentration pro- 
duced 

2) The time required to generate the maximum 
smoke concentration. 

More details of this chamber are given 
in Append!x 1 . 

Tunnel  Teat   - Materials  and Cahlce 

The preceding test methods are suitable 
for evaluation in the laboratory, but the 
tunnel test, because of its size and the ex- 
pense of operating it, is not considered a 
laboratory test.  Testing to qualify for 
building code acceptance is usually done by 
independant testing laboratories. 
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The equipment is calibrated using asbes- 
tos cement board for the zero level and red 
oak flooring to give the 100 level for smoke 
and flame spread.  Ratings quoted for build- 
ing materials are therefore a comparison with. 
red oak, and numbers less than 100 mean the 
flame spread and/or the smoke of the test 
material is less than red oak and for numbers 
greater than 100, they are more than red nak. 
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building materials is Improper".  This type 
of criticism could well start a move away 
from the tunnel test as the standard method 
uf evaluatiiiK the fire hazard of many luiild- 
int; materials and methods of mount inj; wire 
and cables might never be developed. 

FIG. 1  FLAMMABIL1TY LABORATORY 

The   Ohio   State   Onivepsitii   Hclease   Hate 
Apparatus    (_£SJl  RJjAJ   -   Material o 

The disadvantage of developing compounds 
for flame retardancy using the previously 
described methods is that data has to be 
collected from different tests on the com- 
pounds and from this data, the best formula- 
tion must be chosen to make cables which are 
then further evaluated.  The ideal would be 
a test method which would give all of the re- 
quired data from one test and which could be 
used for testing compounds, cable models and 
finished cable. 

The Ohio State University Release Rate 
Apparatus with modifications, some of which 
are described and others whicli are still be- 
ing developed, is capable of supplying all 
the information required for fi~; research 
on wire and cable. 

The Apparatus is shown in the foreground 
of Fig. 1 with an outline sketch in Fig. 2. 
Detailed descriptions of its operation are 
given in Refs.    and 11 and for cur purposes 
a brief description will suffice. 

Smoke Detector 

Pilot Flame 

Radiant Panel 

I. n v i roil in en t a 1 
(! ha in he r 

To Gas Supply 

— Air Distribution 
Plate 

J*—Air Inlet 

FIG. 2     OHIO STATL UNIVFRSITY 
RFLLASi; RATE APPARATUS 

FIG. SAMPLF. HOLDER 
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a) Standard Compound 

intents and purposes, nearly total decomposi- 
tion takes place quickly at heat flux condi- 
tions of 30 kW/m2 (60i)0C).  It is probablt 
that any flame retardant mechanism which 
could be devised for a polymeric material 
would be of little effect, if any, at heat 
flux conditions greater than 30 kW/m2 (600°C). 
Higher heat flux conditions may be useful in 
the evaluation of extremely high heat-resist- 
ing materials but their use for normally en- 
countered insulating and jacketing materials 
would appear to be quite limited.  This could 
be confirmed by further experimentation such 
as the use of Thermal Gravimetric Analysis. 

Flame travel across the exposed surface 
of the sample is observed visually - Fig. 5, 
and the average rate of flame propagation 
over the samples width is noted.  Sampling of 
exhaust stack gases is being carried out by 
Ohio State University and other members of 
the ASTM task group inducing our own labora- 
tory working on standardizing the equipment. 
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b) Improved Compound 

FIG. 4  TYPICAL RELEASE RATE OUTPUTS 

The environmental chamber can be used to 
hold assemblies or pieces of material with a 
surface area of 10" x 10" and with a maximum 
thickness of 4".  Air flow rate can be varied 
but for normal operation a standard flow is 
recommended.  The system is designed to per- 
mit easy mixing or substitution of flow gases 
other than air so that burning studies in en- 
richment or depletion of oxygen are possible. 

mber is equipped with an 
radiant panel which is 
of up to 35 kW/m2 radi- 

ample position of 4" from 
This corresponds to a 

ature of approx. 700°C, 
ondition of 600oC is re- 
tely 30 kW/ra2)•  Investi- 
within the ASTM Task 
radiant panel to raise 

approximately 1000°C 

The range of heat conditions required to 
establish an appraisal of the combustion 
characteristics of a material, appears at the 
moment to be a subject of controversy, or of 
at least a divergence of opinions.  Based on 
observations with cable insulation and jack- 
eting materials it would appear that for all 

The present cha 
electrically heated 
capable of an output 
ant heat flux at a s 
the specimen surface 
panel surface temper 
although a maximum c 
commended (approxima 
gations are underway 
Group on a gas-fired 
this upper limit to 
(approximately 50 kW 

The test method is designed to provide a 
description of the behaviour of materials and 
products under a specified exposure in terms 
of ease of ignition, flame travel rate, and 
release rate of heat and smoke, and toxic and 
corrosive gases.  By changing the radiant 
heat flux exposure for subsequent tests, the 
change in behaviour of materials and products 
with different heat conditions can be esti- 
mated . 

Data generated from the Release Rate 
Apparatus includes:- 

Beat Release  Rate.      Reported in terms 
of Watts output per square meter of specimen 
surface area. 

Smoke Release  Rate.      Reported in terms 
of SMOKE Units per minute per square meter 
of specimen surface area.  By definition one 
SMOKE (Standard Metric Optical Kinetic 
Emission) unit is a concentration of smoke 
in one cubic meter of air which reduces the 
percentage transmittance of light through 
one meter of this air to 10%, i.e. Optical 
Density (Absorbance) - 1.0 

Ease of Ignition  or  Time   to  Ignition. 
Reported in seconds and is the time elapsed 
from exposure of a specimen to the heat flux 
to the time of a significant release rate of 
heat, i.e. when more heat is being evolved 
from the specimen than is being absorbed 
from the heating panel. 

Flame  Travel  Rate.      Reported in mm/S and 
is calculated using the time for flame to 
travel from the centre to the side edge of 
the specimen. 

Total  Heat  and Smoke  Release,   is the 
area under the respective release rate curves 
between the start of a run to some suitable 
time when release rates are diminished to 
insignificant levels. 
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INSIDE CABLES - «C JACKETIKG - PHYSICAL PWPEHTIES 

FIG. S SAMPLE UNDER TEST VIEWED 
THROUGH OBSERVATION PORT 

Toxia  and  Corrosive  Gas  Emiasion 
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Fire  Retardant   Inside  Cable  Compounds 

The first use of the CSU RRA was to mea- 
sure changes in fire behaviour of cable com- 
pounds developed to improve inside cables, 
which are PVC insulated and jacketed multi- 
pair cables.  Since PVC is inexpensive and 
had until recently been considered a fire re- 
tardant material, effort was expended to ana- 
lyse the performance of plasticised PVC in 
fire situations to generate improved confi- 
dence in the material. 

The first phase of the work focused on a 
characterization of the PVC compounds present- 
ly used, followed by formulation modification 
designed to provide improvements in fire re- 
tardant performance while retaining those 
properties necessary for a good cable com- 
pound.  Tables 1 and 3 show those properties 
which were considered essential for accept- 
able jacketing and insulating compounds. 

MQIUMNm P0BHULATIOM 
IfAHBAID  -i A '      0 

1  
TINIILI   ITIIMCTH   •  FBI 241)0 NIK 11» 1410 tOIT 

ILOIi'jXriOH  -   * 100  NIK ill 140 100 

MTENTIOH  APTIR  AGIHC 
T  DAY!   AT   I0DC 

TtnilU   -   4 

CUniiltnii   •   S 

10 HIM 

71  KIM 

19 

OS 

00 

00 ■:: 
■mme POINT ■ r)0c -40 MAI -SI .10 .« 
IIAIIPHESS   ■   OUIOHITIR  Aj •1  HAI 04 Si ii 

V0LAT1LI   LOSS   •   4 B  HAI 1.0 1.4 I.» 

IIPAT  nilTnuTIOtl   -   % 10  MAI 1* 10 i» 

COLD PLU TCHPIIATURI  - C •10 HAI -IS -IT • «0 

SUIPACI  MICTIOM  •   LI 1.0 HAI 9.7 9.40 • ,»4 

Jacketing  Materials 

Three compounds, Standard -1, A and B 
are shown in Table 1 from amongst those eval- 
uated in this study.  Apart from the marginal 
failure of the brittle point for Compound A, 
all are considered acceptable for use on 
cable. 
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INSIDE CABLES 

TABLE  2 

PVC JACKETIIB FUWIABILITY PtOPEHTIES 

PIOPERTV FORM ÜLATIOM                                      1 
ITAN&Alib -T 1 

1 LOt   1 

HO   EMISSION 
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li. R 
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INSIDE CABUS 

TULE   > 
PVC INSUUIIO« iWSICAl PimilTIES 

Cable   Tenting   in   the  lielcaae  Hate  Apt,aratuB 

PROPCRTT REgUIREHINT PORNUUTION 
8T*httAID .] h 

ON NOULOED PLATES 

rBVULI STHtHCTH - HI JIOO NIN 1100 1100 1010 

TLNIILE AT lODt ■LONGATION • Ml 1100 HIN J400 1TD0 1110 

ELUNGATIOM SETtHTION APTBR AQINC 
f   UATS AT 100C \ 100 NIN JJO 110 Jl« 
TtniM*    * tO NIN ID« 11 • 4 

tloniitlon \ 70 NIN • 4 100 • 4 

U1TTU POINT  PJ0C •IS NAI ■11 .11 -11 

HAHltwiSS - DUROHETII  A. ft ,T II tl 
COLO FLEI TEMPHATUW - C t) MAI .1.1 *l • 1 
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ON 14 AKC HII8 
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PASS 
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NONE 
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PASS 
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A similar exercise was then made for the 
insulating compound.  The physical parameters 
were set from the needs for a good insulating 
compound and insulated wire (Table 3).  Al- 
though for this application the electrical 
properties were not considered as important 
requirements the data are shown for compara- 
tive purposes.  As for the jacketing compound 
the property which was difficult to meet was 
the brittle point and both compounds C and D 
are marginal but would be acceptable. 

The evaluation of these compounds for 
flammability properties (Table 4) showed the 
improvement in the oxygen index and HC1 
emission.  Less smoke was generated for the 
improved formulation for flaming conditions, 
and non-flaming showed some improvement. 
One definite improvement to be noted is that 
the new formulations did not ignite at any 
temperature tested under the non-flaming 
condit ions . 

INSIDE CABLES 

TABLE   4 

PVC IKSULATIO« FIABIABILITY RMKRTIES 

PROPERTY FORNULATION 
STANDARD -I C D 

L.O.I. 

HC1 EHISSION 
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Tct ting   Jnauiated  Wires 

A thin stainless steel picture frame 
holder was made with projections at each cor- 
ner to ensure that the wire remained in place 
(Fig. 6).  The frame was designed to fit 
inside the standard slab sample holder - 

FIG. 6  INSULATKD CONDUCTORS ON FRAME 

Fig. 7 so that the test results could be com- 
pared between the compound and the insulated 
wires.  To make the comparison simpler the 
length of wire chosen for the testing was 
that which had the same compound weight as 
the 6" x 6" x 75 mil moulded plate. 
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To enable the different constructions 
and cable materials to be evaluated in a mul- 
tiple cable situation a frame was built with 
removable pins, which were spaced at the 
approximate diameter of the finished cable. 
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FIG. 7  FRAME IN SAMPLE HOLDER 
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TABU   5 
CWARISON OF RESULTS ON NOUUO PUTES AND TVISTED PAIRS 

TESTED AT 550C 

MOPBRTY roRHULATION                 1 
STANDA f B      1 

PLATES NIftIS ^UT:5- vim TlAT!5 till S 

ARIA UNDER SMOKE CURVE 

Maptni Condition« 
laok« 

ISS 7; <UI bOI 44* SZ4  1 

Hon-Flulni Condlttoni 
Unlti ■ sa BIS* 66« • I3S« S14' «B7* 

AREA UNDER HEAT TURVE 

FI«»lB| Condlt Ion* 
Arbltrtry 

2:9 32 IIS IB* 1» 102 

Non-Flialni Condition* 117 I * ss« IB* 71* 74* 

Thus,   by   a   simple   pressing,   a   new   cable 
design   could   be   evaluated   for   flammabi1ity 
characteristics   without   the   expense   of   shop 
extrusion   and   attendant   waste   of   time   and 
material s . 

The  method   can  be  used  with   the   cable 
holder   oriented   horizontally   or   vertically, 
simulating   the   actual   use   condition. 

TESTING   CABLES 

Having   found   the   difference   between   in- 
sulated   conductors   and   plates,   testing   cables 
was   considered.      These   are   a  much  more   com- 
plex   structure   consisting   of   insulated   con- 
ductors,   perhaps   metallic   shields   and   jackets. 
It   was   felt   that   by   having   such   a  tool   avail- 
able   it   would  be   possible   to  modify   insula- 
tions,   shield   and   jacket   materials   to   see 
what   advantages   could   be   derived   from  mater- 
ial   and   construction   change   on   the   final 
properties   of  the   cable. 

Information   using   the   frame   with   a   simu- 
lated   cable   configuration   indicated   excellent 
agreement   in   smoke   and   heat   figures   compared 
to   a   similar  burn  test   of   standard   production 
cable,   showing   that   the   method   is   a   valid 
method   for   evaluation   of   cable   constructions 
and   materials.      A  slight   difficulty   encount- 
ered   in   not   being  able   to   pack   the   core   as 
tight   as   a   production   core   did   not   seem   to 
affect   results   to  any   significant   detectable 
1 eve 1 . 
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FIG. 9  CABLES MODELS AFTER TESTING 

To evaluate the use of this method to 
detect flammability changes with change of 
design, cable models were compared using the 
standard jacketing compound and the improved 
compounds.  Other models were constructed 
using an alurjiinum shield over the insulated 
conductors.  The results from these tests are 
shown in Table 6. 

T«l£ C 
CtfPARISIM OF REUASE UTE MWRATUS KSULTS 

FOR INSIDE CABLE WITH MODIFIED DESIGNS    , 
COKE 50 PAIRS 24 AWG OF STANDARD 2 
TESTED AT 550C FLAMING CONDITIONS 

PIOMITV JACKET PORtlUL no»        1 

STANDARD 1 A 1 

1  
■ ITN 

AIEA UNDII 1MOII ClfKVt • SHOII UH1TI 1910 1110 ITtO I2S0 

ARIA UHDU MAT CURVE • ARIITIARV UNin IU0« ■ It Ml 921       l 

PLAMt SPREAD - SIC 17 II 10 4t 

It   is   clear   from   this   data   that   the 
improvements   detected   during   the   compound 
development   have   followed   through   into   the 
cable   models;   and   that   this   cable   construc- 
tion   can   be   improved,   albeit   only   a   little   in 
some   instances.      It   can   also  be   seen   that   the 
introduction   of   an   aluminum   screen  over   the 
conductors   further   reduces   the   smoke   and   heat 
output. 

A   PFOPOSED   FIRE  HAZARD   RATING  FOR  CABLES 

In   this   paper,   five   factors   have   been 
identified   which   are   most   important   in   a 
fire,   namely:      fuel   contribution,   flame 
spread,   smoke,   toxicity   and   corrosivity. 
Methods   have   been   shown   whereby   some   of   these 
parameters   can   be  measured   and   varied   in 
specific   formulations.      It   has   also  been 
shown   that   it   is   impossible   to   make   insula- 
ting   materials   such   that   they   are   completely 
fire   proof.     One   possible   solution   is   to 
make   all   wires   and   cables   with   a   metallic 
sheath   or   place   them   in   metallic   conduit. 
This  would   overcome   the   fire  problem  but   is 
not   practical   for  many   applications   nor  would 
it   stop   smoke   being   conveyed   to   other   areas 
during  a   fire. 

Unfortunately  there   is   no  concensus   as 
to  which   is   the  most   important   factor.     Ask 
any   group   of   code   officials,   safety   personnel 
and   users   and   they  will   all   give  different 
answers.      Some  want  to  protect   the   equipment; 
some   to   protect   the   building;   and   some   are 
interested   in   evacuation   of   people   and 
fighting   the   fire.     This   means   that   the   best 
the   manufacturing   industry   can  do   is   show 
for   each   product   what   the   relative   ranking 
of   each   factor   is   and   allow   the   user   to 
choose   his   product   from   the   rankings.      From 
this   will   develop   a   Fire  Hazard   Rating   for 
the   product   and   although   it   is   appreciated 
that   it   will   be   subject   to  discussion   and 
modification   we   believe   that   the   basic   con- 
cept   is   correct   and   is   the   direction   to   be 
taken. 
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So as not to move too far away from the 
classical approach of the Wire and Cable in- 
dustry to flammabi1ity, a test should also 
be included at ambient conditions under flam- 
ing condition to relate to the presently used 
vertical flame test. 

The evaluation should be based on the 
following : 

Fuel   Contribution:     Compared to a stan- 
dard sample of red oak flooring.  This may 
seem strange, but firemen can relate to this 
comparison and because of this it is used for 
other evaluations such as the tunnel test. 
The red oak sample should be given number 100 
and cables should have numbers greater than 
100 for more heat than red oak and smaller 
than 100 for less heat. 

Flame  Spread:     Should be based on red 
oak with the flame spread of red oak consi- 
dered to be 100. 

Smoke:     Could be based again on red oak 
but most meaningful if SMOKE units are used 
directly. 

Corrosive  Gases:     Should be based on 
the corrosion of copper by exhaust gases 

Toxia   Gases:     The limits set on this 
factor cannot be finalized until more data 
is available on the effects of short time 
exposure to the types of toxic gas of 
interest . 
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If a Fire Hazard Rating such as this was 
introduced for wire and cables, a system 
would be in use to identify all of the nece- 
ssary factors important in a fire.  They can 
he co llected from one piece of test equip- 
ment and based not on testing of materials 
but on the actual cable construction. 
Real improvements which can be gained by 
cliang es of construction or materials become 
readi ly apparent and the user will be able to 
choose a product for any particular applica- 
tion. Further, code officials will be able 
to write meaningful specifications for cables 
to wh ich the manufacturing industry can re- 
late. 

USE  OF  THE   FIRE   HAZARD  RATING 

An example of the use of the rating sy- 
stem is some recent work on comparison of two 
types of wire.  Although the numbers were not 
experimentally derived as described in the 
text but based on an earlier method they are 
sufficient to show the advantages of such a 
system. 

Table 7 shows the rating derived for 
wires E and F under a certain set of condi- 
t ions . 

HAZARD RATING     I 
WIRE E WIRE F 1 

Fuel 120 200  | 

Flame Spread 200 120  i 

Smoke 20 200 

Corrosive Gas 4 200  | 

Toxic Gas 100 120 

TABLE 7 FIRE HAZARD RATING 

Normal evaluation of these wires by the 
vertical flame test showed that Wire F was 
better and based on this alone would have 
been more acceptable.  However from the fire 
hazard evaluation the only property where it 
was best, was flame spread, and on all other 
properties Wire E was superior.  Given this 
data we ask the reader to decide which wire 
he would choose. 
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AFPENDIX  I 

THE  N.H.   SMOKE  CHAMBER 

Reproducibility   is  possible   with   the 
smoke   chamber   because   controls   are   provided; 

1) To regulate the temperature of the radiant 
tube furnace to simulate different combus- 
tion   heat    flux   conditions. 

2) To   control   the   temperature   of  the   chamber 
to   simulate   different   ambient   air   tempera- 
ture   environments   in   fire   conditions. 

3) To   adjust   the  detector   sensitivities   to 
critical   optimum   levels. 

4) To   initiate   a   spark   source   for   ignition   of 
emerging   combustible  gases   to   simulate 
flaming   combustion   conditions. 

Standard   samples   used   in   the   apparatus 
are   discs   12   mm   in   diameter  with   a   thickness 
of   1.9   mm.      These   weigh   a   nominal   300   mg. 
They   are  placed   in   a   small   combustion   boat 
leaned   at   approximately  45°   and   Inserted   Into 
the   hot   furnace   (Fig.   10).     The   cooling   effect 

FIG.    10  SAMPLE   INSERTION 

of the sample triggers the controller to pro- 
vide heat to the furnace immediately, result- 
ing in a reproducible heating condition. In- 
sulation sample lengths are chosen to provide 
an appropriate weight of combustible sample. 
Several 1" lengths are used and results are 
expressed   in   terms   of  sample   length. 
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lUjaaono  for Clooe  Control   of   the  Chamber 
Temperature.      Walls of the chamber must be 
heated and insulated, and photometer windows 
must be in intimate contact with the walls to 
avoid condensation which will affeel the re- 
suit In an unpredictable way.  Up to ten or 
more runs without detectable window fogging 
with this instrument is normal performance. 
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ever, too high an ambient temperature 
hamber will cause premature coagula- 
agglomerai. ion of the smoke.  Too low 
lit temperature creates a very slow 
smoke but allows condensation on the 

walls and windows.  A temperature 
approximately 64C to 84C is a suit- 

promise.  The wall heaters are turned 
a sample run is started.  This 
convective currents in the chamber 
fectively homogenize the smoke. 

ke units are expressed in terms of 
its/gram if a weighed sample is used 
Units/metre if a length of wire or 

mple is used.  These are abbreviated 
Absorbance/m3 Volume/m light path 

gram of sample or m sample length), 
deviation of values has been found to 
ximately t 10% for both light paths. 
e standard units which should be 
le to results from any other smoke 
if its results can be expressed in 
units. 
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THE EXTRUSION OF HIGH DENSITY POLYETHYLENE 

INSULATED WIRE FOR FILLED TELEPHONE CABLES 

J. C. REMLEY 
B. M. BROKKE 

WESTERN ELECTRIC COMPANY, INC. 

PHOENIX, ARIZONA 

ABSTRACT 

THE EXTRUSION CHARACTERISTICS OF HIGH DENSITY 
POLYETHYLENE FOR FILLED TELEPHONE CABLES ARE 
EXAMINED IN DETAIL. CRITICAL CONTROL OF MELT 
TEMPERATURES, WATER TROUGH TEMPERATURES, AND 
PREHEAT TEMPERATURES IS REQUIRED TO PRODUCE 
HIGH QUALITY WIRE. HIGH DENSITY POLYETHYLENE 
IS AN ACCEPTEBLE SUBSTITUTE FOR POLYPROPYLENE 
FOR FILLED CABLE APPLICATIONS. 

INTRODUCTION 

IN APRIL, 1974, THE SUPPLY OF POLYPROPYLENE 
INSULATION COMPOUND FOR USE IN FILLED TELE- 
PHONE CABLES WAS NOT ADEQUATE FOR THE REQUIRE- 
MENTS OF THE BELL SYSTEM. AT THAT TIME, THE 
PHOENIX WORKS CONVERTED FROM POLYPROPYLENE TO 
HIGH DENSITY POLYETHYLENE INSULATION. SINCE 
THIS PRODUCT HAD NOT BEEN MANUFACTURED ON A 
PRODUCTION BASIS, IT WAS NOT KNOWN WHAT PRO- 
BLEMS WOULD EXIST. AFTER THE CONVERSION HAD 
BEEN COMPLETED, A SIGNIFICANT INCREASE IN 
CAPACITANCE UNBALANCE IN FINISHED CABLES IN- 
DICATED AN INTENSIVE STUDY WOULD HAVE TO BE 
UNDERTAKEN TO PRODUCE HIGH QUALITY CABLES 
USING HIGH DENSITY POLYETHYLENE. IT WAS 
DETERMINED THAT THE INSULATED WIRE HAD TO BE 
MANUFACTURED USING VERY TIGHT TOLERANCES IN 
ORDER TO ACCOMPLISH THE OBJECTIVES OF THE 
TELEPHONE SYSTEM IN CONTROLLING NOISE IN THE 
CIRCUITS. THIS REPORT DETAILS THE EFFORTS 
EXPENDED TO PRODUCE HIGH QUALITY CABLES FOR 
THE TELEPHONE SYSTEM. 

SINCE THE DIELECTRIC CONSTANT OF HIGH DENSITY 
POLYETHYLENE IS HIGHER THAN POLYPROPYLENE, FOR 
A GIVEN MUTUAL CAPACITANCE (0.083 UP/MILE), 
SLIGHTLY HEAVIER WALL THICKNESSES ARE NEEDED 
FOR THE POLYETHYLENE INSULATION. USING THE 
RELATIONSHIP: 

Cc = COAXIAL CAPACITANCE (MICROMICROFARAD/FOOT) 

ER 
S
 RELATIVE DIELECTRIC CONSTANT 

DQ = DIAMETER OVER DIELECTRIC (INCHES) 

D = WIRE DIAMETER, CONDUCTOR (INCHES) 

THE NOMINAL INSULATION DIAMETERS FOR POLYPRO- 
PYLENE AND HIGH DENSITY POLYETHYLENE ARE 
SHOWN IN TABLE I. 

IMLLJJ 

GAUGE 

19 

INSULATION DIAMETERS FOR POLYPRO- 
PYLENE AND HIGH DENSITY POLYETHYLENE 

22 
24 
26 

POLYPROPYLENE, P:LYETHYLENE 
D AMETER OVER 

NSULATION 
DIAMETER OVER 

INSULATION 

.0735 .075 

.052 .054 

.042 .043 

.033 .0345 

r        7.36 ER 
Cc  -   LoG10Iln (1) 

ALTHOUGH HEAVIER WALL THICKNESSES ARE REQUIRED 
FOR POLYETHYLENE, THERE WAS NOT A SIGNIFICANT 
INCREASE IN THE FINAL SIZE OF A POLYETHYLENE 
FILLED CABLE AS COMPARED TO AN IDENTICA.. POLY- 
PROPYLENE FILLED CABLE. THIS IS DUE TO A 
TIGHTER PACKING OF THE POLYETHYLENE WIRES. 

THE HIGH DENSITY ETHYLENE PLASTIC IS AN ASTM 
D 1248, TYPE III, CLASS A, BASE POLYMER TO 
WHICH AN APPROVED ANTIOXIDANT SYSTEM HAS BEEN 
ADDED.  AN ANTIOXIDANT AND A COPPER INHIBITOR 
ARE BOTH INCLUDED IN THE BASE POLYMER AND 
PROVIDE EFFECTIVE STABILIZATION. 

EXTRUSION EQUIPMENT 

THE TANDEM INSULATING LINES AT PHOENIX ARE 
USED TO MANUFACTURE 19, 22, 24 AND 26 GAUGE 
WIRE INSULATION FOR FILLED CABLE APPLICATIONS. 

M<Ht TMU-UV r*ccuMt*.«ioa 

V—i \L. 
Jt J 

TjUKTAtU«-/ 

FIGURE 1: SCHEMATIC REPRESENTATION OF A TANDEM INSULATING LINE - PHOENIX WORKS 
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TWELVE GAUGE COPPER WIRE IS DRAWN TO THE 
APPROPRIATE GAUGE/ STRAND ANNEALED, PREHEATED, 
EXTRUSION COATED, COOLED, AND WOUND ON A REEL, 
A SCHEMATIC REPRESENTATION OF THE TANDEM 
INSULATING LINES IS SHOWN IN FIGURE 1.    EX- 
TRUDERS USED FOR 19 AND 22 GA06E WIRE MANU- 
FACTURE ARE 3 1/2   DIAMETER. 24:1 L:D, AND 
EXTRUDERS USED FOR 24 AND 26 QAUGE WJRE MANU- 
FACTURE ARE 2 1/2   DIAMETER, 24:1 L: 

TOOLING 

'WJRE 
-:D. 

POLYPROPYLENE TOOLING CONSISTS OF A CAPSULE 
TOOL HOLDER, EXIT DIE, CORE TUBE, ADAPTER, AND 
A LOCKING DEVICE TO CENTER THE CORE TUBE IN 
POSITION.   A VERY SIMPLE THREE-COMPONENT TOOL 
CONSISTING OF A SMALLER CAPSULE TOOL HOLDER, 
CORE TUBE, AND EXIT DIE IS USED FOR THE HIGH 
DENSITY POLYETHYLENE.   A SCHEMATIC REPRESENTA- 
TION OF THE TOOLING IS SHOWN IN FIGURE 2. 

CHANGES IN THE INTERIOR ANGLES OF THE EXIT DIE, 
GUM SPACE, DRAW-DOWN RATIOS, AND EXTERIOR CORE 
TUBE TIP ANGLES ALL AFFECT THE ROUGHNESS OF THE 
EXTRUDATE.   THE EFFECTS OF ALL THESE VARIABLES 
ARE CURRENTLY UNDER INVESTIGATION.    WHEN 
PROCESSING POLYPROPYLENE INSULATING COMPOUND, 
THE EXTRUSION TOOLING WAS CHANGED APPROXIMATELY 
EVERY TWELVE HOURS,   POLYETHYLENE TOOL CHANGES 
ARE AVERAGING APPROXIMATELY  EVERY 

EXTRUDABILITY 

HOURS. 

POLYPROPYLENE CAN UNDERGO VERY SEVERE DRAW 
DOWNS DURING LINE START-UP AND STILL MAINTAIN 
A VERY UNIFORM AND CONTINUOUS EXTRUSION COAT- 
ING OF THE WIRE.   UNFORTUNATELY, SEVERE DRAW 
DOWNS WITH POLYETHYLENE RESULT IN SEGMENTED 
GLOBULES WHICH ARE NOT UNIFORM.   THIS NON- 

A POLY JAM OR LINE m0. ORM FLOW RESULTS IN _ 
SMOOTHNESS OF THE POLYETHYLENE EXTRUDATE, 

ESPECIALLY WITH 19 GAUGE WIRE, INCREASES WITH 
DRAW-DOWN, BUT A HAPPY MEDIUM SOMEWHERE PETWEEN 
FEW POLY JAMS AND ROUGH WIRE HAS TO BE ESTAB- 
LISHED. 

PREHEAT TEMPERATURE, MELT TEMPERATURE, WATER 
TROUGH TEMPERATURE, LENGTH OF WATER TROUGH, 
AND FOOTAGE ON THE WET CAPSTAN ALL HAVE A VERY 
SIGNIFICANT EFFECT ON THE COAXIAL CAPACITANCE 
OF HIGH DENSITY POLYETHYLENE WIRE. THESE 
VARIABLES DID NOT HAVE A SIGNIFICANT EFFECT ON 
THE COAXIAL CAPACITANCE OF POLYPROPYLENE WIRE. 

MICROSCOPIC EXAMINATION OF HIGH DENSITY POLY- 
ETHYLENE WIRE SAMPLES WITH ERRATIC CAPACITANCE 
REVEALED NUMEROUS CONTRACTION VOIDS, OVAL WIRE, 
AND VERY ECCENTRIC WIRE OR COMBINATIONS OF 
THESE. SMALL CHANGES IN ANY OF THE TEMPERATURE 
ADJUSTMENTS ON THE TANDEM INSULATING LINES 
PRODUCED A SIGNIFICANT CHANGE IN THE COAXIAL 
CAPACITANCE OF THE POLYETHYLENE WIRE DUE TO 
THE PRESENCE OR ABSENCE OF CONTRACTION VOIDS, 
OVALITY, OR ECCENTRICITY. 

THE FORMATION OF CONTRACTION VOIDS IS THE 
RESULT OF TOO RAPID COOLING FOLLOWING THE 
EXTRUSION PROCESS.^ CONTRACTION VOIDS ARE 
MORE PREVALENT WITH HIGH DENSITY HOLYETHYLENE, 
AND THIS IS PROBABLY DUE TO THE HIGHER THERMAL 
EXPANSION OF HIGH DENSITY POLYETHYLENE DURING 
SOLIDIFICATION.

3
 THE CONTRACTION VOIDS ARE 

VERY PREVELANT IN 19 AND 22 GAUGE POLYETHYLENE 
WIRE. A TYPICAL PHOTOMICROGRAPH OF A LARGE 
CONTRACTION VOID IN 19 GAUGE POLYETHYLENE 
WIRE INSULATION IS SHOWN IN FIGURE 3. 

CONTRACTION VOIDS USUALLY ASSUME THIS HALF 
MOON SHAPE AND APPEAR ADJACENT TO THE COPPER 
CONDUCTOR. WHEN THE CONTRACTION VOIDS ARE 
NUMEROUS, THEY ARE USUALLY CONNECTED AND 
PROVIDE A CONNECTED PASSAGEWAY ALONG THE 
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Photomicrograph Of A 19 Gauge 
Polvethvlene Wire With  Contraction 
Void.     45X 

FIGURE 4.    Phocoalcrogriph Of A Properly 
Cooled  19 Gauge Polyethylene 
Wire.     45X 

ENTIRE CONDUCTOR LENGTH.   THE CAPACITANCE 
UNBALANCE OF WIRES WITH NUMEROUS CONTRACTION 
VOIDS BECOMES VERY HIGH AND RESULTS IN RE- 
JECTED CABLES. 

THE VOLUME CHANGES ASSOCIATED WITH THE SOLID- 
IFICATION OF'HIGH DENSITY POLYETHYLENE IS 
CONSIDERABLY GREATER THAN WITH POLYPROPYLENE. 
AND MINIMIZATION OF THESE VOIDS IS ACCOMPLISHED 
TY ADJUSTING THE AMOUNT AND TEMPERATURE OF THE 
'VTER IN THE COOLING TROUGH AND USING A VERY 
NARROW PREHEAT RANGE. 

HOT WATER IN THE COOLING TROUGH IS ESSENTIAL, 
AND THERE MUST BE A SUFFICIENT QUANTITY OF 
WATER TO COMPLETELY COVER THE WIRE IN THE 
ENTIRE TROUGH LENGTH.  A PHOTOMICROGRAPH OF 
A 19 GAUGE POLYETHYLENE WIRE SAMPLE THAT WAS 
PROPERLY COOLED IS SHOWN IN FIGURE 4. 

IF THE TROUGH WATER IS TOO HOT/ THE PLASTIC 
WILL NOT BE SUFFICIENTLY COOLED WHEN IT ENTERS 
THE WET CAPSTAN TO MAINTAIN ITS ROUND SHAPE/ 
AND IT WILL BECOME DEFORMED.  OVAL WIRE ALSO 
PRODUCES VERY HIGH CAPACITANCE UNBALANCE IN 
FINISHED CABLE AND CAN CAUSE REJECTED CABLES. 
A CRITICAL WATER TROUGH TEMPERATURE IN COM- 
BINATION WITH A CRITICAL PREHEAT RANGE ARE 
REQUIRED TO PRODUCE SATISFACTORY WIRE INSULA- 
TION. 

PROCESS CONTROLS 

TO OBTAIN A FINISHED CABLE WHICH MEETS THE 
CAPACITANCE REQUIREMENTS, THE TANDEM INSULA- 
TING LINES ARE CONTROLLED BY A CAPACITANCE 
MONITOR.    THIS MONITOR CONTINUALLY MEASURES 
THE COAXIAL CAPACITANCE OF THE WIRE BEING 
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INSULATED AGAINST  A  PRESET VALUE.     THE CAPACI- 
TANCE VALUE  CAN BE  ADJUSTED  TO COMPENSATE  FOR 
TEMPERATURE  VARIATIONS AND  PROCESSING DEVIA- 
TIONS.     THE MONITOR   CORRECTS  FOR DEVIATIONS 
IN CAPACITANCE BY  EITHER   INCREASING OR DE- 
CREASING THE  LINE  SPEED OF  THE  INSULATING 
LINE. 

IN ORDER TO  OBTAIN   FINISHED WIRE FROM SEVERAL 
INSULATING  LINES WHICH MEETS A NOMINAL CAPACI- 
TANCE OF  51.5 PF  PER  FOOT/   THE WIRE  FROM  EACH 
LINE  IS  CHECKED ON  A CAPACITANCE UMPIRE  TO 
ARRIVE AT A  TRUE COAXIAL  CAPACITANCE AT AN 
AVERAGE TEMPERATURE.     IF  ANY WIRE FAILS  TO 
MEET THIS CAPACITANCE VALUE/ THE PRESET VALUE 
ON THAT INSULATING LINE IS ADJUSTED TO BRING 
THE CAPACITANCE BACK TO THE NOMINAL VALUE. 

DURING THE NORMAL INSULATING PROCESS/ THE 
CAPACITANCE VALUE IS CONTINUALLY FLUCTUATING 
AROUND A GIVEN VALUE.   THIS IS DUE TO CHANGES 
IN EXTRUDER HEAT/ COOLING EFFICIENCY, AND 
PRESSURE FLUCTUATIONS.     IN  ORDER TO ASSURE 
THAT THE AVERAGE COAXIAL CAPACITANCE OF ALL 
THE WIRE INSULATED IS 51.5 PF PER FOOT/ A 
STRIP CHART RECORDER WAS INSTALLED ON EACH 
INSULATING LINE. THLS RECORDER CONTINUALLY 
PLOTS THE MEASURED CAPACITANCE FROM THE 
MONITOR PROBE. A LINE REPRESENTING THE 
NOMINAL CAPACITANCE VALUE IS ESTABLISHED ON 
THE CHART AND A COMPLETE HISTORY OF THE 
CAPACITANCE VARIATION IS RECORDED. FIGURE 5 
ILLUSTRATES A CAPACITANCE TRACE FOR 19 GAUGE 
WATERPROOF WIRE PRIOR TO THE MAJOR LINE 

THI MODIFICATIONS. IIS  FIGURE   ILLUSTRATES  THE 
VERY WIDE FLUCTUATIONS EXPERIENCED AT THIS 
TIME. FIGURE 6 ILLUSTRATES A CAPACITANCE 
TRACE FOR 19 GAUGE WATERPROOF WIRE AFTER THE 
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INSTALLATION OF THE MAJOR MODIFICATIONS TO 
THE INSULATING LINES. 

WHENEVER A SAMPLE OF WIRF IS TO BE COMPARED 
TO THE CAPACITANCE UMPIRE THE TRUE CAPACI- 
TANCE OF THAT WIRE IS DETERMINED AS FOLLOWS: 
(1) THE SAMPLE OF WIRE IS REMOVED AND CHTCKED 
ON THE UMPIRE BY TAKING FIVE RCADINGS AMU 
AVERAGING THESE READINGS; (2) THIS READING !S 
COMPARED AGAINST THE STRIP CHART RECORDER, 
WHICH HAS A HISTORY OF THE CAPACITANCE, TO 
DETERMINE WHAT THE EXPECTED CAPACITANCE SHOULD 
BE FOR THAT GIVEN SAMPLE; (3) THE RECORDER 
PLACES AN IDENTIFICATION MARK ON THE CHART TO 
INDICATE THE ACTUAL POINT ON THE TRACE WHERE 
THE SAMPLE WAS TAKEN; (4) IF THE MEASURED 
CAPACITANCE FROM THE UMPIRE COMPARES WITH THE 
EXPECTED READING FROM THE CHART, THE TRUE 
AVERAGE CAPACITANCE WILL BE NOMINAL, AND (5) 
ADJUSTMENTS ARE MADE ON THE INSULATING LINE 
MONITOR IF THE DEVIATION EXCEEDS A GIVEN 
VALUE. 

IF ANOTHER STUDY CONDUCTED ON 19 GAUGE WIRE, 
THE SENSITIVITY OF THE CAPACITANCE MONITOR 
WAS ANALYZED.    A FOUR-CHANNEL CHART RECORDER 
WAS USED TO MEASURE CAPSTAN LINE SPEED, 
COAXIAL CAPACITANCE, AND EXTRUDER HEAD 
PRESSURE.   THE SENSITIVITY OF THE CAPACITANCE 
MONITOR WAS VARIED BETWEEN 10 PERCENT AND 100 
PERCENT.   FIGURE 7 ILLUSTRATES A TRACE OF 
THESE VARIABLES STARTING WITH 100 PERCENT 
SENSITIVITY ON THE LEFT OF THE CHART., THE 
CENTER OF THE CHART WAS RECORDED AT 67 PERCENT 
SENSITIVITY AND THE RIGHT-HAND PORTION OF THE 
CHART WAS RECORDED AT A SENSITIVITY OF 33 
PERCENT.    IT CAN BE SEEN THAT THE COAXIAL 
CAPACITANCE FLUCTUATION WAS REDUCED ALONG 
WITH THE REDUCTION IN THE CAPACITANCE MONITOR 
SENSITIVITY.    IT WAS DETERMINED THAT A 
SENSITIVITY OF 33 PERCENT RESULTED IN A 
CAPACITANCE TRACE WITH THE LEAST AMOUNT OF 
FLUCTUATION.   FROM THE EXPERIMENTS CONDUCTED 
ON THE CAPACITANCE MONITORS,  IT WAS DETERMINED 
THAT THE MONITOR WOULD ONLY BE USED TO 
CORRECT FOR LONG TERM DRIFTS IN THE CAPACITANCE 
OF THE WIRE. 

THE STRIP CHART RECORDER PERFORMS ANOTHER 
USEFUL FUNCTION IN ADDITION TO RECORDING THE 
CAPACITANCE OF THE WIRE.   SLNCE NORMAL 
PROCESSING TECHNIQUES RESULT IN A GOOD 
CAPACITANCE TRACE, ANY ABNORMAL CONDITIONS 
RESULT IN A WIDER TRACE.   THIS TRACE, THERE- 
FORE, SERVES AS A MEANS FOR TROUBLESHOOTING 
PROCESSING IRREGULARITIES ON EACH INSULATING 
LINE. 

PROBLEMS UNDER INVESTIGATION 

A MAJOR PROCESSING FUNCTION WHICH CONTRIBUTES 
TO THE MANUFACTURING OF HIGH QUALITY INSULATED 
WIRE IS THE COOLING PROCESS.  IN ORDER TO 
CONTROL AND MAINTAIN THE COAXIAL CAPACITANCE 
WITHIN THE VERY TIGHT LIMITS, IT IS NECESSARY 
TO HAVE ADEQUATE AND CONSISTENT COOLING. 
CURRENTLY, DIFFERENT EXPERIMENTS ARE BEING 
CONDUCTED TO DETERMINE THE METHODS WHICH ARE 
NECESSARY IN ORDER TO COOL ALL GAUGES OF WIRE 
TO ONE SINGLE, CONSISTENT TEMPERATURE.    WHEN 
ALL LINES HAVE THE CAPABILITY TO ACCOMPLISH 
THIS COOLING, THE INSULATING LINE MONITORS 
COULD BE USED TO MEASURE TRUE COAXIAL CAPACI- 
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TANCE. THESE MEASUREMENTS SHOULD THEN COM- 
PARE DIRECTLY WITH THE CAPACITANCE UMPIRE 
READING WHEN QUALITY CHECKS ARE PERFORMED. 
ADDITIONAL STUDIES SHOULD ALSO BE CONDUCTED 
TO DETERMINE THE PROPER RATE OF COOLING ON 
THE VARIOUS GAUGES OF WIRE. 

AT THE PRESENT TIME, THE PROCESSING CHAR- 
ACTERISTICS OF HIGH DENSITY POLYETHYLENE 
DIFFER SIGNIFICANTLY AMONG SUPPLIERS. THE 
VARIOUS SUPPLIERS OF THIS MATERIAL USE 
DIFFERENT METHODS OF MANUFACTURING, AND THIS 
RESULTS IN DIFFERENT PROCESSING CHARACTERISTICS 
WHEN INSULATING WIRE. VARIATIONS WHICH HAVE 
BEEN EXPERIENCED AND WHICH AFFECT THE INSULA- 
TED WIRE ARE LISTED BELOW: 

1. HEAD PRESSURE CHANGES - UP TO 5,000 PSI 
CHANGE, 

2. CAPACITANCE FLUCTUATIONS - CHANGES BY A 
FACTOR OF FOUR. 

3. EXTRUDER WIRE DRAG - A CHANGE IN DRAG 
AFFECTS THE ELONGATION AND RESISTANCE 
OF THE COPPER CONDUCTOR. 

4. SURFACE ROUGHNESS - A CONSIDERABLE 
DIFFERENCE EXPERIENCED IN THE SURFACE 
ROUGHNESS WHEN A CHANGE IN PLASTIC IS 
MADE. IT HAS NOT BEEN DETERMINED IF 
THIS HAS ANY DETRIMENTAL EFFECT ON THE 
ELECTRICAL CHARACTERISTICS OF THE WIRE. 

THESE VARIATIONS WHICH PRESENTLY EXIST IN 
THE PROCESSING OF THE DIFFERENT TYPES OF 
PLASTIC MAKE IT NECESSARY TO SEGREGATE ONE 
TYPE OF MATERIAL FOR USE IN MANUFACTURING 
WIRE FOR WATERPROOF CABLE. 

ANOTHER AREA WHICH IS STILL UNDER INVESTIGA- 
TION IS THE TOOLING USED IN MANUFACTURING. 
THE PHYSICAL DIMENSIONS AND ANGLES OF THE 
EXIT DIE AND CORE TUBE HAVE AN EFFECT ON THE 
PROCESSING CHARACTERISTICS OF THE PLASTIC. 
WHEN RUNNING PLASTIC WHICH PRODUCED A VERY 
ROUGH OUTER SURFACE ON THE WIRE, A CHANGE 
TO A DIFFERENT EXIT DIE RESULTED IN A 
SIGNIFICANTLY SMOOTHER SURFACE ON THE WIRE. 
A DETAILED STUDY MUST BE UNDERTAKEN TO 
DETERMINE THE PROPER DIMENSIONS OF THE 
TOOLING WHICH WORKS SATISFACTORILY FOR ALL 
TYPES OF HE 

CONCLUSION 

v 
EVEN THOUGH PROBLEMS STILL EXIST IN THE 
AREAS JUST DESCRIBED, IT IS NOW POSSIBLE 
TO MANUFACTURE HIGH QUALITY INSULATED WIRE 
FOR FILLED CABLE USING HIGH DENSITY POLY- 
ETHYLENE PLASTIC.    THE MAJOR PROBLEMS 
ENCOUNTERED WHEN THE CHANGE FROM POLYPROPY- 
LENE TO HOPE TOOK PLACE HAVE BEEN SOLVED. 
EFFICIENT MANUFACTURING OF INSULATED WIRE 
TO MEET THE VERY TIGHT CAPACITANCE UNBALANCE 
REQUIREMENTS HAS BEEN ATTAINED, AND THE 
OVERALL QUALITY OF THE CABLES IS VERY GOOD. 

THE COMPREHENSIVE EFFORT TO BRING THE 
CAPACITANCE UNBALANCE TO GROUND INTO BETTER 
CONTROL BEGAN IN LATE 19Z4.   THE STATISTICAL 
DATA COLLECTED DURING 1975 REFLECTS A REDUC- 
TION OF AT LEAST 50 PERCENT IN THESE READINGS 
FOR ALL FOUR GAUGES OF CABLE MANUFACTURED. 

SOLUTIONS TO THE PROBLEMS STILL UNDER 
INVESTIGATION WILL RESULT IN THE ABILITY TO 
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USE MATERIAL INTERCHANGEABLY IN THE MANU- 
FACTURING PROCESS WITH NO SIGNIFICANT, 
VARIATIONS IN THE FINISHED PRODUCT.  WHILE 
THIS WOULD NOT RESULT IN A HIGHER QUALITY 
PRODUCT, IT WOULD RESULT IN A MORE FLEXIBLE 
MANUFACTURING OPERATION IF ANY MATERIAL WAS 
IN SHORT SUPPLY. 
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PLASTIC  INSULATING OF TELEPHONE   WIRES AT ULTRA HIGH  SPEEDS 

by 

A.   Riekkinen and R.  Ekholm 

Oy Nokia Ab 
Finnish Cable Works 
Helsinki,   Finland 

1 General 

Recently  the  maximum speed of extrusion  lines 
for  telephone wire has  risen remarkably.     As 
late  as   5   -   10  years ago the speeds  of  1000   - 
1200  m/min were  quite common,  while  now we 
speak  in  general  of speeds  from  2000   to  2500 
m/min.     However,   actual production speeds 
have  remained  remarkably lower  for several 
reasons.     Higher  speeds cause difficulties 
with wire   tension,   extrusion,   cooling  and 
spooling,   and accordingly reduce  the  relia- 
bility of  the  lines. 

In order  to  raise  actual production  speed  it 
is   important  to   study these   factors  and try 
to  eliminate  them as  far as possible. 

2 Problems 

In the Machine Department of NOKIA we de- 
cided to research these problems.  We set 
up a test line for operation at a speed of 
at least 3000 m/min.  At the same time theo- 
retical studies of physical limitations were 
conducted. 

3 Line introduction (fig. 2) 

The test line consists of: 

Dual Pay-Off KS 652 E 
designed for continuous paying-off of wire 
from 0.4 to 1.4 mm 

Mini Drawing Machine VK 9 
designed and developed especially for 
plastic extrusion lines.  The machine is 
provided with nine drawing dies max. 

The problems occurring in extrusion lines 
can be divided into two groups (fig. 1): 

a) problems coming from equipment or technol- 
ogy, which can be eliminated by different 
technical approaches 

b) problems arising from physical laws and 
limitations which cannot be overcome. 

Annealer HL 350 
with DC resistance annealing 

Accumulator V 20 (fig. 3) 
to control the drive of the drawing-anneal- 
ing unit to follow the line speed. 
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Figure 3 Speed reference circuit of high 
speed line 

Figure 1  Problem analysis 
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Figure  2     Extrusion line composition MEL  2321 
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Extruder R 3 1/2" (L/D 24) 
heavy duty extra high pressure extruder with 
standard thyristor temperature controls and 
DC-drive, plus standard granulate conveyor 
and color-o-meter. 

Line Control Cabinet OPM 2Ü0Ü 
Standard control cabinet of a tandem line, 
provided with necessary equipment for line 
control and temperature controls for the 
extruder. 

Cooling Trough JR 33-15-4 E 
a standard construction provided with some 
special features. The straight cooling 
length is 20 + 1.4 m (total length and tele- 
scope) . 

Instrument Cabinet 
All the instruments used are of standard type. 
Diameter gauge and capacitance monitor with 
controls are used. These influence the line 
speed and the telescope position correspond- 
ingly. 

Dual Take-Up EKP 5010 
A new fully automatic spooler, which is de- 
signed for operation at the speed of 3000 
m/min max. 

4 The different phases of the process and 

problems encountered 

4.1  Drawing 

There are always some difficulties with wire 
drawing.  Defects in the material cause wire 
breakages, stopping the whole process.  The 
frequency of wire breakages depending on the 
copper, is in the range of 0.2 - 3 breakages/ 
ton and on an average about one breakage/ton, 
which means that when running 0.5 mm (24 AWG) 
at 2000 m/min the operation of the line is 
interrupted because of the drawing machine, 
every 2 - 24 h and on an average 5 h.  Down 
time caused by breakage is relatively long 
due to rethreading of the drawing machine, 
and diminishes the production efficiency of 
the line.  Additionally the start-up scrap 
increases at higher speeds, which, again, re- 
duces the advantage of high speeds. 

On the other hand we cannot completely elim- 
inate the drawing machine, because the alter- 
nate method being continuous paying-off of 
ready drawn and annealed wire from dual 
flyers, is even less reliable at high speeds, 
especially at the moment of change-over in 
pay-off. 

For these reasons we chose a third alter- 
native, the so-called Mini-Drawing.  In the 
mini drawing machine only a few drawing dies 
are used, having the following advantages: 

he worst raw material defects have al- 
ready been eliminated in the previous 
drawing processes 

threading of wire is easier and quicker 
and the production efficiency of the line 
increases 

paying-off of thicker wire, 0 0.8 - 1.3 mm 
(20-16 AWG), at fairly low speeds 500 - 
1000 m/min does not create problems. 

Since nowadays it is possible in one oper- 
ation to draw down 8 mm rod directly to 
1.0 - 1.3 mm, the solution is also economi- 
cal. 

One rod drawing machine is able to feed four 
mini-tandem extrusion lines. 

Wire drawing process alone does not limit 
the line speed.  In the future we ought to 
concentrate on the selection of good copper 
qualities, in order to minimize wire break- 
ages . 

4.2 Annealing 
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Figure  4    Centrifugal   force   acting  on 
the wire on  a pulley 
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Figure  5    Mechanical   strength of  copper at 
various  temperatures  and wire 
tension due  to centrifugal  force 
at various   speeds 
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The   fig.   5  shows   the  wire tension  us   ;i   func- 
tion of speed  and also  the durability of 
copper  as  a   function  of  temperature.     We  can 
conclude   from  these  calculations   that   the 
highest  possible  annealing speed with 
annealers  of  today   is   about  611  -   70  m/s  or 
3500  -  4000 m/min.     Accordingly  annealing 
at   3000  m/min   is  not   yet  an unsurmountable 
problem,   although  we   are now approaching   the 
limit. 

4.3     Extrusion 

Figure 6 Cross-head NH 50 

At higher speeds the wire tension increases 
in the crosshead.  Without special actions 
the wire tension easily grows so much that 
the wire is stretched. 
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Figure 8 Increase of wire tension in cross- 
head and corresponding pressure 
versus die swell 

Figures 7 and 8 show results of test meas- 
urements.  We can see, how dependent the 
wire tension is on swelling.  Compared with 
the nominal diameter (swelling = 0J , the 
tension is reduced by 30 %  at 10 i's swell- 
ing.  The wires insulated in this way have 
met with the test specifications and we have 
found no disadvantages in the use of high 
pressures. (Table 1] 

Nokia has analyzed the use of high pressures 
in order to decrease wire tension. The idea 
is to use a slightly smaller die diameter 
than the final insulation diameter and to 
extrude plastic at a somewhat higher rate 
than that of the wire. 

MOO- 

[kp /cm] 
too 

e  »« .)o [•/,] 

Figure 7    Increase of wire tension in cross-head and 
corresponding pressure versus die swell 

Table 1 

Test results for polyethylene-insulated 
telephone wire 

Wire size 0.5 mm 
(24 AWG) 

Insulation dia. 1.0 mm 

Insulation 
material DFDS 6032 

MDPE UNION 
CARBIDE                 j 

Wire speed 3000 m/min 

Tensile strength 
unaged 
aged 

276 kp/cm!? 
219 kp/cn/ 

VDE 0472c/9.71 
and 0209/3.69    | 

Elongation 
unaged 
aged 

530 % 
500 % 

"                                                       1 

Shrinkback 1 % II 

Compatibility- 
test no fracture DB FTZ 72 TV 1 

Stress-cracking no cracks BPO CW 128 Q 
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4.4 Cooling 

The problems in cooling induced from the 
fact that the cooling requirements 

- efficient cooling 
- low wire tension 
- space saving 

are difficult to fulfill simultaneously. 

Cooling has become a more problematic pro- 
cess with increasing speeds, and this has 
motivated the development of more advanced 
techniques. 
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Since plastic is a-' fairly good heat insulat- 
ing material, the rate of heat transfer is 
very low.  Therefore the amount of heat, 
transferred to the outside surface per unit 
of time, is very small. 
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=  Fl  +   F2   +   F3 

F    = wire  tension after cooling 
F,   = wire  tension before cross-head 

F,  = wire  tension caused in cross-head 

F,  • wire  tension caused in cooling 

F,   and F,  have  to be minimized,  but  together 
they are  still  of considerable  influence. 

Therefore  a  new technique was employed. 
Nokia developed  the  spray cooling method 
(fi^.   9).     The principle of spray cooling 
is  to  cool  the wire with high velocity 
water  sprays,   directed in a parallel  direc- 
tion with  the wire  run.     In this way the 
friction which would otherwise  arise between 
wire and water,   can be avoided. 

The spray system enables the wire  to cool 
without  an  increase  in wire tension. 

When studying  the  cooling process,  we can 
note  the  following   (fig.   10). 

At  the beginning of cooling process  the 
outermost plastic  surface is cooled first. 

As  a consequence of the created temperature 
difference between  the  inside and outside 
insulation  surfaces,   heat transfer occurs. 

Figure 10    Heat  transfer  equation 

This  rate of heat  transfer  is  dependent only 
on  the  temperature difference  and  it  cannot 
be  accelerated much as  long as water  is used 
as  a cooling media. 

Also lowering the temperature of the water 
does not appreciably effect  the  rate  of 
cooling in its  first stage,  because the 
possibility to change the temperature 
difference  is  relatively  limited,   e.g. 
280oC 20oC 260OC  or   280oC  -   S0C 2750C, 

the  difference  is only  6   4. 

On  the other hand the  temperature of  the 
water  is very  important  in  the  after-cooling 
zone,  where the  temperature differences be- 
tween the water and the wire  are  smaller, 
e.g.   40oC -  20oC 
the difference 75 I, 

20oC or 40oC 50C 350C, 

We can now draw the following conclusions: 

a) From the point of view of cooling effi- 
ciency it is important tfo cool down the 
surface of the insulation as quickly as 
possible, in order to initiate heat trans- 
fer immediately. 

ST ■B   J J^w     ^-.^'i ^^»^AS!!''!-!. ar Bfl 
wine mrrmm 

Figure  9    Spray cooling method 
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b) When the cooling process has begun, it is 
sufficient only to maintain a low 
temperature on the  nsulation surface. 
Since the rate of heat transfer is low, 
the required volume of water is small, 
but it. must be constantly circulated. 

c) The cooling phenomenon requires a spe- 
cific constant time, regardless of the 
speed. 
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Because of the required constant cooling 
time, the length of the trough increases in 
direct proportion to the wire speed.  Simply 
a straight trough would easily become too 
long and spacious, especially when trying 
to achieve low final temperatures.  The 
rate of cooling at the end of the process 
is very slow, as shown in fig. 11. 
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Figure 11  Insulation cooling curves 

It ir. now of great interest to examine, at 
which stage the wire can be turned over a 
turn pulley without being deformed.  It was 
discovered that this is possible at rela- 
tively high wire temperatures, (average 
100 C).  This is explained by the fact that 
the wire is subjected to side forces for 
only a very short period of time, 10 - 15 
ms, during which no measurable deformations 
can occur, owing to the high viscosity of 
the plastic material. 

On the other hand the wire must be well- 
cooled before it is spooled on a reel, 
because there the wire is subjected to side 
forces for a long time.  Also as the insula- 
tion slowly cools down, it shrinks and this 
causes difficulties when the wire is payed 
off the reel. (Fig. 12.) 
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Figure   12.1    Density of  PE 
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Figure   12.2    Heat  transmission of  PE 
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Figure 12.3 Specific heat of PE 

In order to attain sufficient cooling within 
a reasonable space, we have to employ in 
high-speed lines a so-called multi-loop 
trough (fig. 13).  The advantage of a multi- 
loop trough is that it is easy to obtain 
sufficient after-cooling without using too 
much space.  On the other hand the multi- 
loop solution does not mean that the overall 
length of the trough would not increase as 
speeds increase. 

Additionally the multi-loop trough creates 
another problem, the turn pulleys tend to 
increase wire tension and to stretch the 
wire.  Therefore we had to try to minimize 
the number of pulleys as well as eliminate 
the friction of the necessary pulleys. 
(Fig. 14 and 15.) 

■ 
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Figure  13    Multi-loop  trough JR 33-15-4  E 
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Figure 14  Percentage of Stretch of annealed 
copper wire versus number of 
pulleys of various wire tensions 
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Figure 15  Percentage of stretch of annealed 
copper wire versus number of 
pulleys at various wire tensions 

Partially because of the above, the line 
capstan was incorporated in the cooling 
trough with the following advantages: 

a) The capstan operates in a water spray 
and the wire is cooled also while on the 
capstan.  Therefore less loops are re- 
quired. 

b) A smaller number of turn pulleys is 
used, since the wire does not have to be 
guided to a separate capstan. 

c) Since the distance between the extruder 
and the first turn pulley is decisive 
we can save the space required by a sep- 
arate capstan in the total length of the 
line. 

d) The driven capstan shaft can be used to 
eliminate the bearing friction of the turn 
pulleys (fig. 16).  Becai'.e of the natural 
order of the wire loops the turn pulleys 
are mounted on the capstan shaft, which is 
driven at a constant speed by DC-motor. 

Figure 16 Capstan pulley assembly 

By selecting the diameters of the turn 
pulleys slightly larger than the diameter 
of the capstan pulley we create a situa- 
tion where the turn pulleys are rotated 
at a slightly less speed than the capstan 
shaft.  In this way we create a negative 
friction which means that this friction 
tends to drive the wire.  This assisting 
torque can also be increased e.g. by an 
additional axial friction on the turn 
pulleys. 

Another source of additional tension is a 
second pulley assembly in the trough.  These 
bearing frictions were eliminated by a sepa- 
rate torque drive. 
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Accordingly we can  see   that  cooling  is not 
a problem  that cannot  be  solved,   and  it does 
not   limit  increased production  speeds.    We 
meet  the  physical   limit  only  at  the  stage, 
where wire  tension caused by  centrifugal 
force  is  too  high,   i.e.   at  speeds  from 4000 
to  5000 m/min. 

4.5    Spooling 

The continuous 
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re or less a critical compo- 
ion lines.  Some ten years ago 
tually limited the line speeds 
0 - 1000 m/min.  The parallel 
e in take-ups gave them a much 
erformance, over 2000 m/min. 
the other components and the 

ess turned out to be speed 
rs.  Today, when these corapo- 
process itself have been 
ped, and the speed has in- 
500 m/min, the dual take-up 
me a critical unit.  This 
imperfect technology as well 
that we are approaching limi- 
by physical laws. 

The spooling process can be divided into two 
operations 

a) spooling 

b} change-over 

The problems of spooling relate to centrif- 
ugal forces.  In order to spool successfully, 
the spooling tension must be higher than 
that supplied by the centrifugal force.  The 
highest theoretical take-up speed for insu- 
lated copper wire is approximately 4500 - 
5000 m/min with a wire tension of 7 to 
8 kp/mnr (appr. 10000 psij.  (Fig. 17.) 

In ordinary equipment, however, there are 
several characteristics that set speed limi- 
tations.  Gradual increase of wire tension 
is caused by e.g. the turn pulleys in the 
dancer.  In other words, in order not to - 
exceed the wire tension value 7-8 kp/mm 
in spooling we shall have to use a lower wire 
tension before the dancer and correspondingly 
accept a lower maximum speed.  This problem 
could be eliminated by using a torque drive 
in the turn pulleys, which compensates for 
their friction.  However, because of the 
above mentioned problems and the necessity 
of maintaining a certain safety margin, it is 
hardly justified to aim at speeds over 4000 
m/min. 

Greater demands are made on speed control as 
speeds increase.  Uniform traverse is of 
great importance because every little hill 
and valley mean fast speed fluctuations. 
These difficulties, however, can be overcome 
by the application of modern electronic 
control technics. 

/.-;■ 

[kp/mnf] 

IOOO 2000      XXX)      IOOO       SOOU    [m/min] 

Figure 17 Wire tension of insulated wire 
due to centrifugal force at 
various speeds 

49 

^■^■■■":' 

Figure 18.1  Wire change-over in parallel 
shaft take-up 
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Figure 18.2  Wire change-over in parallel 
shaft take-up 

It is interesting to observe the wire change- 
over in a parallel-shaft take-up.  Fig. 18 
illustrates the change-over moment where the 
traverse has moved to the side of the empty 
reel.  The speed of the empty reel is syn- 
chronized with the wire speed. 
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Figure 19 Speed diagram 

It is of great interest to try to examine 
the theoretical maximum speed at change- 
over. At first we observe that the great- 
est stress occurs at a point on the wire 
adjacent to the ^nagger. 
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One noteworthy reason for change-over failure is 
the risk that the snagger tip cuts the wire. 
The probability that the snagger tip hits 
the wire at the moment when the wire is 
being guided towards the snagger flange, in- 
creases with the 'vire speed. Let us assume 
that the snagger rotates at 3800 r.p.m. 
equal to 63 r.p.s. which corresponds to the 
wire speed of 3000 m/min in our example. 
In addition let us assume a condition where 
the finger speed is e.g. 0.5 m/s, the insu- 
lated wire diameter 1 mm and the width of 
the snagger tip is 0.25 mm.  Let us also 

assume, that the contact area, where the 
snagger tip has to hit the wire in order to 
cut it, is 0.25 mm. The probability that 
the snagger tip hits this area is 

100 0.25 mm 

1/63 s x 5 '0 mm/s 
t ■ 3 t 

which is rati'cr high. This probability is 
directly proportional to the line speed and, 
at speeds of 1500 - 2500 m/nin it is still 
high, 1-21. This disadvantage, however, 
is relatively easy to overcome by synchro- 
nizing the finger motion with that of the 
snagger. 

Figure 20  Collision between snagger and 

wire 

Other possibilities of failure in spooling 
are unreliability of the snagger e.g. caused 
by a piece of loose wire in the snagger, 
wire vibrations, wire disengagement from 
pulleys and inaccurate speed control.  All 
these problems can be overcome at least to 
some extent by improved technics. However, 
we still have inevitable limits with the 
tension caused by centrifugal force, limit- 
ing us to 4000 m/min as well as the perpen- 
dicular acceleration phenomenon at the 
moment of change-over, which limits us upto 
appr.  3500 m/min.  These were dealt with 
before. 

5 Conducted test runs 

The test runs were made with wire sizes of 
0.4/0.78 mm and 0.5/0.90 mm dia. with PE- 
insulation. 

The runs were carried out in the speed 
range of 1000 - 3000 m/min. Measurements 
were made of the wire tension in the line 
(fig. 21) and of elongations of the insu- 
lated wires (fig. 22). Quality analysis 
(table 1) indicated that it is technically 
possible to produce high quality wire at 
3000 m/min and probably also at higher 
speeds. 

The test results were very encouraging. 
During the test run we observed several 
possibilities for technical improvements,which 
when developed and adapted will further 
imp-ove these results. 
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Figure  21    Wire  tension  levels   (p)   in Extrusion  Line MEL  2321 
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Figure 22 Wire speed (m/min) 

6 Summary 

The purpose of our research was to analyze 
problems and physical limitations, which 
prevent further increase of present produc- 
tion speeds.  In brief, an increase of 
actual production speeds to the level of 
2000 - 2500 m/min is quite possible.  Even 
3000 m/min is achievable, but it may be 
advantageous to lower the line speed during 
change-over e.g. to 2500 m/min, so that 
the change-over does not take place too 
close to the critical speed range. 

Essential conditions for ultra high produc- 
tion speeds are low wire tension level 
throughout the process, excellent speed 
control and last but not least high quality 
copper. 

Higher speeds than 3500 m/min seem hardly 
achievable. The physical limitations in 
annealing, spooling and wire tension in 
general soon become unsurmountable.  There- 
fore it is more important to concentrate on 
improving the overall reliability of the 
line in the speed range of 2000 - 2500 m/min. 

The benefits of the analyses of ultra high 
speed extrusion are that they reveal more 
clearly the critical factors and thus assist 
in improving reliability at normal production 
speeds. 

The motivation of line operators and their 
desire to achieve good results are also 
decisive factors which should be assisted 
by eliminating manual reel handling with 
e.g. automatic reel transport. Also computer 
control would be a progressive step towards 
better motivations of production people. 
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FOR  USE  IN  MULTI-PAIR TELEPHONE  CABLES 
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Summary 

A composite technique  was  established for 
ultra-high  speed  extrusion  at 3000  m/min  of foamed 
high density polyethylene  insulation  for  use  in multi- 
pair  telephone  cables. 

Until now  extrusion of polyethylene  insulat- 
ed conductors have  been carried out at a  speed of 
at most  at  1000 *■ 1700 m/min for  foamed  insulation. 

As  previously reported in the  past IWCS, 
in Japan the conventional paper insulated Stalpeth 
sheathed  city junction cable was  replaced  by the new 
foamed  polyethylene  insulated bonded metal  sheathed 
cable.      To meet the expected growing demand for 
the  new type  of cable,   a developmental  research 
work was   started for the  ultra-high  speed  extrusion 
of insulated conductor as  one  of the  efforts  for  the 
improvement of cable productivity  as  a whole. 

Major  problems  in the development  of a 
3000  m/min extrusion of foamed high density poly- 
ethylene  insulation were  the wire draw down,   the 
wire  preheat,   and the crosshead pressure.    Capacity 
control was also difficult  at this  level of extrusion 
speed.      All these  were  solved by the  optimization 
and  rearrangement of each equipment of the  extru- 
sion  line. 

Development of a  new  high  density  polyethy- 
lene  was  also a key to the   success.     A  series  of 
test produced polymers along with conventional ones 
was   subjected  to  the  ultra-high   speed  extrusion  and 
examined to develop a final one for  the  3000 m/min 
extrusion. 

Quality of the insulation and of the  finished 
cable  obtained  from a test production  run  of the 
ultra-high  speed  extrusion  proved to meet  all  the 
requirements  of the  specification of Nippon   Tele- 
graph  and  Telephone Public   Corporation. 

1.      Introduction 

The program of Nippon Telegraph  and 
Telephone  Public   Corporation (NTT)  to  replace con- 
ventional paper  insulated Stalpeth  sheath cable  by 
foamed  high  density  polyethylene  insulated   bonded 
aluminum  sheathed cable  for the  city junction lines 
in Japan was  already reported in the  past Interna- 
tional  Wire  and Cable Symposia, 1.2 

As Jitsukawa et aP   reported in   1970,   thin 
walled  insulation of foamed  polyethylene  had  distin- 

guished  advantages  over  conventional  paper  insula- 
tion  because  of the  excellent  properties  of polyethy- 
lene itself over  natural  paper.     Polyethylene  is  non- 
hygroscopic  and has  excellent dielectric  properties. 
Because  of its  uniform  thickness,   extruded polyeth- 
ylene insulation has   superior crosstalk characteris- 
tics  even in the  form of  star  quad which is  neces- 
sary for  reducing the  overall diameter  and there- 
fore the  cost of the  finished cable.      But a  slightly 
higher  cost of the  polyethylene foam insulated cable 
retarded  the  replacement  of paper  insulated cable 
by it. 

However,   as  reported by Ogawa ,   it  was 
found  that  the   foamed  polyethylene   insulation  could 
replace  paper best when  it  was used in city junc- 
tion cable.      Because  with  paper cables test  splices 
are necessary  each time  to  compensate for  the 
capacitance unbalance.      The   slightly increased cost 
of the  foamed polyethylene  cable  is  compensated for 
sufficiently  enough  if the   new  cable   eliminates   the 
test  splicing  which  costs   not   so  little  as  a whole. 

Starting  from  the  year of  1974,   all of the 
newly installed city junction  cable  in Japan was 
replaced by foamed  polyethylene  insulation from the 
conventional  paper.      Annual   demand  for  this   line 
of cable  is  about 25   b. c. f.    in Japan. 

Dainichi-Nippon  Cables,   Ltd.   is an  impor- 
tant supplier of this  type  of cable  and in prepara- 
tion  for  the  expected  growing  demand  of the   cable 
started a  systematic  developmental  research for the 
improvement  of the  cable   productivity  in wh'ch  an 
ultra-high  speed extrusion  of polyethylene foam in- 
sulation  came  first. 

High  speed extrusion of polyethylene  foam 
insulation was  reported  by   sevPial  authors.      For 
example,   Kawazoe  et  al"*,    Jitsukawa  et al  , 
NormantonS,   and Ogawa  et  al1 reported a polyethy- 
lene foam extrusion of  1000  m/min,    1250 m/min, 
1650 m/min,   and over   1000  m/min,   respectively 
with the  use  of a chemical  blowing  agent.    In a gas 
injection process,   Verne  et  al°  reported an  extru- 
sion at  a  speed of 5000  ft/min,   and  Orimo  et al' 
a  speed of  1700 m/min.    With  solid insulation which 
is  relatively easier  to  extrude as  compared with 
foamed insulation,   Kertscher^  reported installations 
which are capable  of production  speeds up to  8000 
ft/min  (2500  m/min). 

Our developmental  work was  aimed  at the 
extrusion  of chemically  blown  foamed high density 
polyethylene insulation  at  a   speed of 3000 m/min 
(10,000  ft/min). 
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Before  the  start  of the work it was expected 
that  the  development of a  new polyethylene  which 
fulfilled  all of the requirements for  the  new  ultra- 
high   speed process was  a  "must"  in order  to lead 
the  work to a  success.     Mitsui  Petrochemical 
Industries  Ltd.   took part  in the  joint work,   who  has 
the   longest career in the   production of high density 
polyethylene  in Japan  since   1958. 

2,     Equipment  and  Materials 

Z. 1     Extrusion  Line 

An  extrusion line  to which we^e  attached a 
wire  drawing machine,   an annealer,   and a preheater 
was  used throughout this  developmental work 
(Figure   1).     Previous to the present joint work, 
using  another  but the  same design of equipment,   a 
separate  developmental work was  carried  out in 
Dainichi-Nippon  successfully to  achieve  a  SOOOirytnin 
extrusion of solid low density polyethylene.    Accord- 
ingly  many details of design  and manufacturing  kow- 
how  come  from the previous work. 

On the other hand,   because  the  extrusion 
line  was  originally designed for   solid insulation,   in 
order to make it compatible with foamed insulation 
it was necessary to modify and improve  the  line  at 
many  points. 

2. 2     Materials 

Mitsui  Petrochemical Industries   Ltd,   is  a 
major  supplier  of the  electrical wire  grade high 
density polyethylene including the  world  first  solu- 
tion coating  grade for  more than  10 years in Japan. 
The  accumulated research for  the  extrusion wire 
coating  grade  and the   superior  technique   on high 
density polyethylene production using  Ziegler  type 
catalyst made  Mitsui highly qualified to develop the 
ultra-high speed extrusion foam grade. 

© ®      ®     © © 

In  general,   besides  the  excellent  mechanical 
properties  such as  stress  crack  resistance  and 
abrasion   resistance,   and  electrical  properties,   the 
wire  coating  grade  is   required  to  have  excellent 
processability. 

At  the   beginning,   resin  A,    shown  in  Table 
1,   was  used for  the  extrusion  of foamed insulation 
wire coating.     Resin A is  a unique grade with 
excellent machanical  and  electrical  properties  com- 
pared  to  general  high density  polyethylene,    but  when 
it is  used for  thin  walled  insulation  extrusion  the 
extrusion  speed is  limited at most to  1000  m/min. 

To  meet  the   requirement  of a higher   speed 
extrusion,   based  on  resin A,   was  developed a next 
polyethylene  resin  B  which can  be  processed  at  a 
speed of 2000  m/min  or  higher.      This improvement 
of the  processability  was  attained  by  slightly  lower- 
ing the  average  molecular  weight  (in other  words, 
raising the  melt  index)  and by  broadening  the 
molecular  weight  distribution  as   much as   possible. 
It maintains  mechanical  and other  properties  at the 
same  high level as  resin A.      The  production of 
resin   B is  now  on  a  commercial  base  and  the resin 
is one  of the  grades  with the   broadest  molecular 
weight distribution  among high density polyethylenes. 

The  present joint developmental work aimed 
at the  extrusion  at  3000  m/min  requested  Mitsui a 
further  improvement of the  processability of  resin 
B,     After many trials  and tests,   was finally devel- 
oped  resin  C which could afford the extrusion of 
foamed  insulation  at the  wire   speed of 3000  m/min. 
The  key point of the  final improvement was  that the 
molecular weight distribution of the resin was 
changed in its  pattern,   while  the  distribution was 
kept as  broad as  possible,   to  meet the  processing 
in the  range  of extremely high  rate of shear. 

A  selected  commercial grade of anti-plating 
type  of chemical  blowing  agent was used in which 
azodicarbonamide  was  the  main component.      The 
blowing  agent was  mixed  and dispersed in melt poly- 
ethylene to produce ready for use expandable compound. 

@ 

Figure  1. 

Ultra-High Speed  Extrusion  Line  for  Foamed  HDPE  Insulation. 

1. Pay-Off 
2. Wire  Drawing   Machine 
3. Annealer 
4. Preheater 
5. Tension  Helper 
6. 65mmP  Extruder 
7. Quenching  Trough 

8. Water  Spray  Tvuugh 
9. Capstan 

10. Water  Electrode 
11. Spark  Tester 
12. Dancer  Roll  Assembly 
13. Take-Up 
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Table Properties  of Wire Coating Grades 

"^■^»^^             Materials 

Items                             ^-^^ 

Origmtl  wire 
coating  grade 

Resin  A 
(commercial) 

High   speed 
wire  coating 
grade 

Resin  B 
(commercial) 

Ultra  high 
bp>ed  wire 
coating  grade 

Resin   C 

Remarks 

Density                           (g/cm3) 0.945 0.948 0.948 ASTM D-1505     j 

Melt Index (MI2)   (g/lO min) 0.22 0.40 0.40 
ASTM  0-1238     j 
Condition  E          j 

MI10/MI2 22 25 25 

Tensile  Strength        (kg/mmJ ) 2.30 2.20 2.20 ASTM  D-638 

Tensile  Elongation   ( % ) 800 800 800 ASTM D-638       ! 

Environmental Stress 
Cracking Resistance 

F50      (hrs-) 

over       500 over      500 over       500 
ASTM D-1693     j 
10% Igepal CO 
630  at  50oC 

Tnermal Stress  Cracking 
Resistance        F50      ,.        v 

(hrs.) 
over     1000 over     1000 over     1000 

100oC  oven           i 
based  on 
REA  6.01   (A)     j 

Brittleness    at  -60^ No  Failure No  Failure No  Failure ASTM D-746        j 

Dielectric   Constant    (1   MHr) 2.3 2.3 2.3 ASTM D-150 

Dissipation  Factor      (1   MHz) 2.1  x   10"4 2.0 x  10'4 2.0 x   10"4 ASTM  D-150 

Volume  Resistivity     (fl-cm) 4.4 x   I016 2.5 xlO16 2.6  x   1016 ASTM D-257 

i 

! 1 

3.    Extrusion of Foamed High Density Polyethylene 

There were many problems to be  solved in 
order  to  make  the  whole  system adequate  for  the 
extrusion  of foamed high density polyethylene  insu- 
lation  at  an ultra-high speed.     Generally  speaking, 
there  are  various  different aspects  in the  extrusion 
of foamed  insulation from that of the  solid  insula- 
tion.     On  the other  hand,   there  are  also many 
commom aspects  in both types of insulation  extru- 
sion. 

Common aspects of an ultra-high  speed 
extrusion are as  follows: 

1) The  wire tension must be kept uniform  and 
minimum to keep wire draw down minimum. 

2) The  crosshead pressure  should be  knpt minimum 
to assure an safety operation. 

3) The  design of die  should be  made  optimum  to 
make  the extrudate  surface  smooth,   to keep the 
wire  tension minimum,   and to leave  the  least 
residual stress  in the  insulation layer. 

In addition,   the automatic  dual take-up 
should work at a least failure  rate  especially  at an 
ultra-high  speed in order  to keep the  wire   scrap 
minimum. 

Different aspects  in the  extrusion of foamed 
insulation from that of solid insulation could be 

listed as  follows: 

1) Wire  tension has  to be  more  rigorously conrol- 
led and  reduced  because  of the  inavoidable 
tension  increasing  elements   such as  quenching 
trough,   water  electrode  of capacitance monitor. 

2) Wire  preheat is  more  critical because of the 
balance  between the  tensile  elongation of the 
foamed insulation,   cell  structure  of the foam, 
and the  wire  draw down. 

3) Crosshead pressure  is  higher due  to the smaller 
clearlance  between the  conductor  and the die. 

4) The  whole haule off and  take up  system has  to 
be carefully designed  so  as  to keep the  surface 
damage  of the  extrudate  minimum. 

Essentially,   the  most  serious  problems  in 
the extrusion of foamed insulation of high density 
polyethylene  as  compared  with that of  solid insula- 
tion of low  density   polyethylene  were   the  severer 
wire draw down,   higher   sensitivity of various  pro- 
perties  to  the wire  preheat,   and the increased 
crosshead  pressure.     In  addition,   capacity control 
is  more  difficult  at an ultra-high  speed.     All of 
these problems  had to  be   solved while keeping  the 
extrudate   surface  smooth and keeping  the insulated 
conductor  capacity uniform within a narrow range. 
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3. 1     Capacity   Control 

An  ultra-high   speed   extrusion causes   to  the 
capacity  control a  difficulty  peculiar  to  the   level  of 
the  wire   speed.      Capacity control  in   the  extrusion 
of foamed  insulation   is  usually   made   by  the   use   of 
a  capacitance   monitor  which   is  coupled  with  a 
movable   water   trough  in  order  tu  quench  the   ex- 
panding   insulation  after  it  emerges  out  of  the  die 
at a  point  that  allows   a  sufficient  expansion  while 
suppresses  an   excess. 

In   the   early   stage of  the  present  work,    it 
was  noticed   that  capacity  fluctuated  very  much  as 
the  extrusion   speed  increased  while  at  lower   speeds 
it  was   sufficiently  stable.     Soon it  was   found   that 
the  fluctuation  was  caused  by   the  air  drawn  into  the 
quenching  and   electrode  troughs  accompanied   by   the 
running  wire.      Drawn  in  air   unstabilizes  the   quench- 
ing   point  and  the  effective  length  of water   electrode. 
Both  effects   lead  to  the  fluctuation  of the  capaci- 
tance. 

In  order  to  overcome   this   problem,    the  use 
of a  pressurized quenching  trough  was  found  to  be 
the   right  answer.      Electrode  trough of the   capaci- 
tance  monitor   should  also  be   water  pressurized  to 
prevent  air  coming  in  accompanied  by  the   fast   run- 
ning  wire.      In  Figure  2,   it is   seen  how  the capacity 
is   stabilized  when  the  troughs  are   sufficiently pres- 
surized  by  water. 
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Figure     2. 

Effect  of Water  Pressurization of the  Quenching 
and   Electrode  Troughs  on  Capacitance Stability. 

3.2     Wire  Draw Down 

As  already mentioned,   more  wire  draw 
down is     expected in  the extrusion of foamed  poly- 
ethylene   insulation than  in the  case  of  solid  polye- 

thylene  insulation,    because   in   the   former  a quench- 
ing  water  trough  and  a  water   electrode   for  the  ca- 
pacllauce   monitor   must   be  equipped  in  the  line,    in 
addition  to  water   spray  cooling  trough  which contrib- 
tes   to the   wire  tension   very   little.      Both  water 
filled  troughs  are  expected   to  contribute  appreciably 
to   the  increase   of  the   wire   tension,    especially   at an 
ultra-high   speed. 

Figure  3   shows   that  is  true.      In  the Figure, 
diameter  of the  copper  conductor  after  taken up 
which was   fed  into  the   extruder  crosshead  at a 
diameter  of 0.510  mm,    is   plotted  against  the  ex- 
trusion  line   speed  at  a   total   length  of  troughs  of 
1700  mm.      As   the  wire   speed  increases,   the 
conductor  diameter  is   seen  to decrease  with a 
drastic  change  when  the   speed  exceeds  2000 m/min. 
This   shows   that  only   limited  length  of water troughs 
is  allowed  to  be   used  in  the  extrusion  at 3000 m/min. 

0.510 

E 
(0 

Q 

0.500  • 

u     0.490  • 
13 
C 
0 
U 

Trough   Length 
1700 mm 

1000 2000 3000 
Line  Speed  (m/min) 

Figure     3. 

Effect of Line Speed on Wire Draw Down. 

It  is  obvious   that  the   shorter  the  length of 
the  water  troughs  the  less  the  wire  draw  down. 
On  the other  hand,   complete  and  stable  quenching 
of the  foamed  extruded  insulation  is  necessary 
which  requires   sufficient  length  of water  troughs. 

It  was  found  that   the   best   solution to  this 
contradiction  was  to move  away the  capacitance 
monitor  out  of the  high  tension  area  of the  extru- 
sion  line,   and  to  set the  monitor  between the 
capstan and  the  take up,   thus  the  problem of the 
wire  draw  down  by  the  electrode  water  was  essen- 
tially eliminated.      Only   the  length  of the  quenching 
trough was   left  for  the  optimization  between draw 
down and  cooling. 

Wire  draw down  was  also found to be 
affected by  the  temperature  of anneal  and  preheat. 
Anneal temperature  had  to  be  optimized  so that  the 
copper wire  was  annealed  soft  enough  but not in 
excess not  to  be drawn  down  in the  course of insu- 
lation extrusion.      Preheat  temperature   should be 
selected to  give  the  best  balance  between  the various 
factors,   including  draw down,   which are described 
in  the following   section. 
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In  Figure 4,   the  effect  of wire  preheat 
temperature  on the conductor draw down is  illus- 
trated.      Also  in  this  case a drastic  effect  is  ob- 
served  in the  area of ultra-high  speed,   more 
drastic   at a  higher  preheat temperature. 

O    Low  Preheat  Temperature 
•   High Preheat Temperature 

0.510 

u 
<u 
il 

6 0.500 rt 
■r4 

Q 
M 
0 ** 
3 
V 

0.490 

u 

1000 2000 3000 
Line Speed   (m/min) 

Figure    4. 

Effect  of  Preheat  Temperature    on   Wire 
Draw  Down. 

3.3     Wire  Preheat 

The  tensile  elongation  of the  foamed insu- 
lation is  critically affected by  the wire  preheat 
temperature. (See  Figure  7)    As  mentioned  earlier 
the present equipment was originally designed for 
the  extrusion of  solid insulation,   not for the  foamed 
one.     In the  case of the foamed insulation tensile 
properties  of the  insulation is  much more  sensitive 
to the  wire  preheat.     It did not take  much  time 
before  we  recognized that the  capacity of the  pre- 
heater  in the  original design was completely insuf- 
ficient to be  used for  the foam  extrusion.      The 
capacity  was   trippled to make  the whole line  capa- 
ble  for  the  extrusion of the whole intended  range of 
conductor   size   and  wire   speed. 

Wire  preheat also affects  the  cell  structure 

of the  foamed  insulation.     In  Figure   5  a  set of ex- 
amples is  shown photographically,   which was pre- 
pared under control  so  that  each  insulation had a 
same  level of capacity.     At a low preheat temper- 
ature  fine cells  are  seen to  be  dispersed through- 
out the whole  insulation.     On the  other hand,   at a 
higher  temperature coarse  cells  are  found  especial- 
ly in the inner half layer of the  insulation.     At the 
highest temperature  in this   set  of experiment,  some 
of the cells  are observed to have  burst inside at 
the interface  between the  conductor  and the  insula- 
tion. 

The  preheat temperature   should be  low 
enough to maintain a good cell  structure as  well as 
to avoid unnecessary wire  draw down,   while it 
should be high  enough to assure  a good tensile elon- 
gation of the  insulation foam. 

4.     Development of a  New  Polyethylene 

As  already described in  the  chapter 2.2 in 
this  paper,   the  extrusion grade  for  foamed insula- 
tion of Mitsui  Petrochemical high density polyethy • 
lene  started with resin A which had a  reputation of 
many years.     Resin  B,   a new  easy procesying 
version of Mitsui high density polyethylene  was 
developed recently before   resin A was  made obso- 
lete. 

In the  present work both resins A and B 
were  difficult to be used for  the  present purpose. 
In Figure 6,   the crosshead pressure  of the  ex- 
truder is plotted against the  wire  speed for  the 
three  types  of polyethylene.   A,   B,   and C which 
was newly developed in the  course  of the present 
joint work.     It is  apparent from  the  Figure that 
resin A can be used only  at a  limited speed range 
when the insulation is  thin and  foamed as in the 
present case.     Resin  B  is   seen to  be capable for 
use  at an appreciably higher   speed,   but the  extru- 
sion at 3000  m/min  should be  avoided because of a 
too h'gh pressure  in the  crosshead.     In the develop- 
ment of a new polyethylene  which would fulfill the 
requirements  of the present work,   the  first criter- 
ion of the  selection was  the  crosshead pressure. 

I 

t 

s 

Low Medium High Highest 

Figure     5. 

Effect of Preheat  Temperature on  Cell Structure, 
(conductor  diameter   :     0.5mm,   capacity  :     270  pF/m) 
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Figure    6. 

Effect  of  Line   Speed  on Crosshead 
Pressure. 

(conductor  diameter  :  0. 5mm) 

Physical  properties of the  insulation foam 
were  also important.     In  Figure  7,   are  plotted 
typical data of tensile elongation  of the  insulation 
foam of a few base  resins  as affected  by the  de- 
gree  of the  wire  preheat.     It is  seen  in the Figure 
that  resin  P has   low tensile elongation  even at a 
highest wire  preheat while  resins  B and  C have  a 
level of tensile  elongation high enough at a reason- 
able preheat temperature   range. 

Resin  P was made to have a molecular 
weight distribution as broad as that of  resins  Band 
C,   but have  a different pattern of the  distribution 
from that of either  resin  B or  C.     It is  generally 

• Resin B 
D Resin C 

•■on ® Resin P 
■ Resin C      (at  3000 m/min) 

c 
0 -s- •it. 400 
on 

° .2 300 

« 
^■3 200 
m   e 
C  '-' 
"    •« 100 

H   0 

35 40 45 50 
Preheat Temperature 

(arbitrary unit) 

Figure    7. 

Effect  of  Preheat  Temperature  on   Tensile 
Elongation  of Insulation,   (conductor  diameter 
:   0.5mm,     line   speed  :  2500 m/min) 

known that the  processability of a  polyethylene 
would be  improved  by  broadening  the  molecular 
weight distribution,   but to improve   the  processabi- 
lity as  reflected in the  physical  properties  of the 
extruded  product,   in the  range  of extremely high 
shear  rate as in  the  present work,   it  is  learnt that 
not only  the broadening  of the  molecular weight dis- 
tribution   but   the  pattern of molecular  weight dis- 
tribution is a very important factor. 

Flow curves  of resins  A,    B, and  C  are 
shown in  Figure  8  in the  range  of high  rate of 
shear which is  close  to  the  actuall  rate of shear in 
the wire  insulation extrusion. 
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•    Resin B 
D    Resin C « 
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Shear   Rate 

Figure 

10 

(104   sec"1) 

8. 

Melt  Flow  Curve.    (Capillary  Rheometer 
Temp.   190°C,   Die  0.49mm diameter, 
L/D = 30) 

5.      Test Production Run and a Finished Cable 

A test production  run  at  the  speed of 
3000 m/min was  carried out to  make  a finished 
cable for  a test. 

Tensile properties  of the  test produced 
foamed  insulation of different colors  and conductor 
sizes  are  shown in  Table  2.     In the  Table are also 
listed the test results  of thermal   stress cracking, 
heat shrinkage,   abrasion  resistance,   and  surface 
roughness.     Abrasion  resistance  of the foamed 
high density polyethylene  insulation  as  extruded at 
3000 m/min is  compared in Figure  9 with that of 
solid low density polyethylene  insulation. 

All these data  show that  foamed high den- 
sity polyethylene  insulation obtained  by an ultra- 
high speed extrusion has  a  satisfactory balance of 
properties in  respect to  the  effect  of the ultra- 
high  speed processing.      Most of the  long term pro- 
perties  especially those  associated  with the chemi- 
cal phenomena are  reflections  of the  chemical com- 
position of the compound.      These  also  seem  satis- 
factory with resin  C  as is   supported  by the  results 
of thermal stress  cracking  in  Table  2. 
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Table    2. PropertieB  of  Foamed Insulation Conductor. 

^""^»^^Conductor  Dia. 
^^^»^^^              (mm) 

^"--^jColor Items                     —i,^/ 

0. 5 

(Red)         (White) 

0.4 

(Natural) 

0.65 

(Natural) 

0.9 

(Natural) 
Remarks 

Line Speed                    (m/min) 3000 3000 3000 2500 1200 

Wall  Thickneas           (mm) 0. 12 0. 12 0. 10 0. 15 0.21 

Percentage   Expansion (%) 25 25 20 26 28 Specific 
Gravity  Method   | 

Tensile  Strength        (kg/mm2) 2.34 2.24 2. 57 2.28 2.21 JIS  K 6760            1 

Tensile  Elongation    (%) 3 52 314 408 393 344 J1S  K 6760            1 

Abrasion Resistance    (time) 743 809 521 over   10 
4 

over   10 "1 

Thermal Stress  Cracking 
Resistance 

(hrs) over 1000 over  1000 over  1000 over  1000 over  1000 *2                               j 

Heat Shrinkage            (%) 0.0 0.0 0.0 0.0 0.0 *3                               j 

Surface  Roughness    (urn) 1.8 2.2 2.0 1.3 1.2 «4                               j 

*1     A  rotating  cage  machine  provided with 36   steel  rods of 8 mm diameter was  used. 
A  load  of  500g was  applied to each insulated  conductor   specimen. 

*2     The  insulated conductor  specimens  were  wrapped 25 times around their own diameter,   and 
tested at   100°C in an air oven. 

,;'3     The  insulated conductor  specimens were  maintained at   100°C  for 24  hours  in a talc   bath. 

*4     Root mean   •-, iare  according  to JIS  B  0601-1970. 
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Foamed HOPE 
0. 12mm thickness 
conductor  :   0. 5mm 

Solid  LDPE 
0. 13mm thickness 
conductor   :  0.4mm 

300 500 700 900 
Load (g) 

Figure    9. 

Comparision  of Abrasion Resistance 
between  Foamed HOPE and Solid  LDPE. 

An optical micrograph of a typical cross- 
section of the  foam  insulation made in this work is 
shown in  Figure   10. 

Figure    10. 

Micrograph of Cross  Section  of 
Foamed HDPE Insulation, 

(conductor  :  0.5 mm) 

Using the insulated conductor  obtained from 
the  test run,   a  1800 pair  city junction cable with 
bonded aluminum sheath was  made  in  accordance 
with the   specification of NTT.      The  construction of 
the  test produced cable  is   shown in  Table 3. 

The electrical properties  of the cable are 
shown in Table 4 and  Figures   11  and   12, 

■ 
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Table  3.     Structural Outline of the Trial-Produced 
Cable. 

5      10     20       50     100 200    500   1000 
Frequency  (KHz) 

Figure     11. 

Propagation  Constants of the Cable. 
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Cable  Length 288 m 

L. 
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Frequency (KHz) 

Figure     12. 

Crosstalk between  Pairs  within Quad 

*r 

Number  of Pairs 1800  pairs 

Conductors 0. 5mm copper  wires               j 

Insulation 
cellular high density                I 
polyethylene, 
wall thickness  0. 12mm          I 

Twisting star-quad formation 

Unit Stranding 
50 quad (100  prs. )  units,      1 
concentric  layer  type 

Cabling 
center              :     I   unit             j 
1st layer        :    6  units 
2nd layer       :   11   units 

Core  Wrap 
polyester and  insulating 
paper  tapes                                 | 

Jacket 

laminated jacket of 0.2mm 1 
aluminum/weather  resistant 
polyethylene,                                 j 
overall diameter   :  67, 6mm | 

6.      Conclusions 

A developmental work was  undertaken  for 
the  extrusion  at 3000 m/min of thin  walled  foamed 
high  density  polyethylene  insulation  with  a  joint 
effort of a cable manufacturer and a polyethylene 
supplier.      In the  course of the  research  it was 
elucidated  that  the ultra-high  speed  extrusion  at a 
speed of 3000 m/min,   especially in combination with 
thin  walled foam insulation,   was  not  a  simple  extra- 
polation of what was experienced in  the  conventional 
lower   speed extrusion but it was  a different  and 
difficult   technical  problem.      However,   after   analyz- 
ing  the  difficulties,   by modification,   optimization, 
and  rearrangement of the  equipment  it  was  made 

Table    4. Electrical Characteristics  of Finished Cable. 

Items 
Specification  for 

0. 5mm Conductor  Junction 
Cables 

0. 5mm-1800pr8.   Cable               j 
made-up with insulated               j 
conductors   by  this   process       j 

Conductor  Resistance       (fl/km) nominal       88. 7 
maximum   93. 5 maximum    87.4 

Insulation  Resistance        (Mft-km) minimum  2,000 260,000                           1 

Dielectric  Strength AC 350V or  DC   500V 
1   minute 

withstood 

Average  Mutual  Capacitance 
(nF/km) 

50+5 48.0                               | 

Capacitance  Unbalance,   Pair to 
Pair  within Quad 

(pF/l50m) 

Individual,        max.   300 
Average,           max.      50 

Individual,     max.      83 
Average,                         18.6          i 
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ponible   to  establifh   the   ultra-high  gpeed  extrusion 
aB   initially  aimed  at,    with   the   help of the  develop- 
ment   of  a   new   polyethylene.      The  extruded   foamed 
insulation   and   a   teat   produced  finished  cable   proved 
satisfactory  in  quality   in   accordance  with  the   speci- 
fication  of NTT. 

It is expected that the experimental line 
will be scaled up to a production plant in a near 
future. 
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A NEW INSTRUMENT FOR 

NON-CONTACT TEMPERATURE MEASUREMENT OF 

MOVING WIRE 

by 

D.  L.  Rail, Trans-Met Engineering, Inc., La Habra, California 

S. M. Beach, Phillips Cable, Lts., Vancouver, British Columbia 
i ] 

ABSTRACT 

A new instrument for non-contact temperature 
measurement of moving wire during wire coating 
Is described.    The Instrument employs the calibrated 
convective heat flow concept of comparing the w'' 
temperature to the known and controlled temperature 
of a sensing head placed in close proximity to the 
wire.    The temperature comparison is made by employ- 
ing a heat flow sensor at the bottom of a slot in 
the head through which the wire passes. 

Specific applications to preheat control on cellular 
and solid polyethylene and polypropylene insulated 
telecommunications wire is discussed.    Close preheat 
temperature control of the wire assures reliable 
bonding of the plastic to the wire as well as proper 
foaming   of the Insulation thus assuring the desired 
insulation characteristics and hence high quality 
wire. 

The method of measurement is applicable for wire 
sizes ranging from 0.010 inch to several  inches in 
diameter by use of various sensing head sizes and 
configurations.    Temperatures which can be measured 
range from ambient to 400oC for speeds up to several 
thousand feet per minute.    Use of the convective 
heat flow measurement, rather than a radiant measure- 
ment, make the instrument insensitive to changes in 
finish and emmissivity of the wire surface. 

INTRODUCTION 

The manufacture of paired telephone cable has, over 
the past twenty years, seen many significant refine- 
ments in both materials and design.    The processes 
for the manufacture of these cables have necessarily 
required coincidental refinements. 

The adoption of solid thermoplastic polyethylene for 
the primary insulation of conductors for telephone 
cables occurred about 1950.    In the mid 1960's a 
cellular thermoplastic Insulation was introduced. 
This type of Insulation has been employed in increas- 
ing quantities and today replaces a considerable 
quantity of both the solid thermoplastic insulation 
and the paper insulation used on older telephone 
cable conductor assemblies. 

The use of the cellular insulation has required the 
development of equipment not previously available. 
In the case of certain existing equipment, signifi- 
cant refinements in measurement capability and 
techniques were found to be necessary. 

The application of the cellular Insulation to the 

metallic conductor is, of course, accomplished by 
basically standard extrusion equipment.    Elevating 
the surface temperature of the me+all1c conductor 
above room temperature is critical to the proper 
extrusion coating of both the solid thermoplastic and 
the cellular thermoplastic insulation.    The critical 
wire temperatures required for both types of insulation 
become apparent when the product from automated 
extrusion lines 1s checked for uniformity of the 
principal parameters needed for paired telephone cable 
conductors.    These parameters are discussed in detail 
in reference (1). 

The critical wire temperature will vary with the 
specific polymer employed.    The selection of the 
critical temperature must be Initially determined by 
emperical observation.    Once determined, automatic 
temperature control becomes essential.    In the past 
a rotating contacting copper constantan thermocouple 
located immediately upstream of the extrusion head 
was employed.    This device was coupled to a bridge 
followed by a high gain amplifier and servo control 
unit. 

The maintenance frequency required by this type of 
temperature sensor was high and varied proportionately 
to the lineal throughput speed.    The maintenance 
involved principally: 

(a) Surface condition of the rotating elements. 
(b) Lubrication of the bearings involved. 
(c) Voltage pick-up contacts on each rotating 

element. 

It became apparent that a non-contact device for 
measuring and controlling the critical surface temp- 
erature of the metallic conductor would be desirable. 

As a consequence of this need a technique originally 
developed for use in the synthetic fiber Industry for 
measuring moving fiber line temperatures was adopted 
for use on wire coating machines to measure and 
control wire temperature.     This measuring technique 
has the advantage of being non-contacting at the 
point of measurement and non-optical, since it 
utilizes a convective heat transfer measurement.    The 
measurement is thus insensitive to surface finish of 
the wire, can operate in a relatively contaminated 
environment and does not create frictional heating 
or heat sink cooling of a moving wire by the presence 
of the sensing device at the point of measurement. 

PRINCIPAL OF OPERATION 

The instrument operates on the patented principle of 
comparing the temperature of the wire to a sensing 

63 

": 

m 
■IMMMM*'' «■"■I'"™1

" 
'"*»■•■"■'•'■- W^'if-;,-.,     ; 

mmjum iiitittifirra>ftiiri^fcj--;,.i^.rl....,,u:,.;,..     ^^'■^'■■■^:.,i*.^r^.v^.^^...^Mi.M/,^ 



fmr^rr. BZTzzsccaxarsizxiiziviwLszstsns3SS.-iM.JS!!iam^v,'W^!''Ww^fii.. i i")'im' II,I m—pfi—mun I'mriiiaiiv» 

head at a known controlled temperature.   The compari- 
son 1s made by positioning a heat flow sensor, 
mounted at the bottom of a slot 1n the sensing head, 
In close proximity to the wire but not touching it 
(typical spacing from the wire Is 0.030 to 0.040 
Inches).   As the wire passes the heat flow sensor 
there will be an exchange of heat across the small 
air gap.    If the wire is colder than the sensor, a 
very small amount of heat will flow from the sensor 
to the wire and if the wire Is hotter, the reverse 
will occur.    If the wire and sensor are at the same 
temperature there will be zero heat flow.   The heat 
flow sensor acts. In essence, as a thermal galva- 
nometer.   Since the rate of heat transfer (?-) is 
essentially by conduction across the small air gap 
it Is directly proportional to the temperature 
difference ( AT) and the thermal conductance of the 
gap (K) and inversely proportional to the dimension 
of the gap ( ^ ).   This relationship is defined by 
the simple heat conduction equation. 

4SK AT. (D 

By the use of ceramic coated sheaves or standard 
ceramic guides at the entry and exit of the slot, 
the physical spacing between the wire and the sensor 
can be fixed.   For limited ranges of temperature, for 
example +50CC difference between the sensing head and 
wire temperature, the thermal conductance also remains 
constant and thus all variables of equation (1) are 
fixed and 

■*-  A'1 <* nü (2) 

where F.  is the voltage signal from the heat flow 
sensor. 

If one amplifies the signal from the heat flow sensor 
so that it has the same sensitivity, in terms of 
volts per degree, as a temperature sensor 1n the 
sensing head and electronically takes the algebraic 
sum of the two signals, one obtains a voltage signal 
proportional to head temperature + the temperature 
difference between the head and the wire and hence 
the absolute temperature of the wire.   This wire 
temperature Is then displayed digitally thru a 
readout on the front of the instrument for observa- 
tion by the operator. 

In addition to displaying true wire temperature the 
instrument produces an output signal which can be 
used to complete feed-back control of the wire 
preheater to automatically control wire temperature. 
This is best accomplished by setting the sensing head 
temperature to the desired control point temperature 
and utilizing the output from the heat flow sensor 
to cause the wire heating system to heat the wire 
until the heat flow signal goes to zero at which 
time the wire is at null-heat-balance with sensing 
head and is thus at the desired control point 
temperature. 

A picture of a typical temperature measuring instru- 
ment is shown in Figure 1.    A more complete discus- 
sion of the principle of measurement for these 
instruments Is availabe in Reference (3). 

CALIBRATION 

When using the instrument to monitor wire temperature 
it is necessary to calibrate the signal from the heat 

flow sensor so that its output will present the same 
number of volts per degree as the reference temper- 
ature sensor in the head.   This is accomplished by 
a simple on-line procedure in which three readings 
are taken at three different head set-point temper- 
atures while operating on a constant temperature 
wire line.    The three uncalibrated readings are 
plotted as a function of head temperature as shown 
in Figure 2 (both coordinates of the graph must be 
identical).    The true wire temperature is obtained 
by drawing a straight line thru the three points. 
The temperature where this line crosses the 45° 
line (point where wire temperature and head temper- 
ature are equal and hence deviation signal zero) is 
the true wire temperature.   With the head temperature 
at least 10 to 20° different than the true wire 
temperature, a potentiometer on the instrument is 
adjusted so that the digital reading on the instru- 
ment displays true wire temperature as determined 
from the graph.    The instrument is now calibrated 
and can be used to monitor moving wire temperatures. 
Greatest accuracy Is obtained by setting the head at 
the average wire temperature and monitoring the 
temperature variations about that average.    A more 
complete discussion of calibration procedures can 
be found in reference (3). 

CHARACTERISTICS OF INSTRUMENT 

Wire size: 

Temperature range: 

Wire velocity: 

Accuracy: 

Repeatability: 

Resolution: 

Response: 

Minimum dia. = 0.010 inch 
Maximum dia. = no limit    (for 
large variations in wire size 
different head designs are used) 

Monitoring mode: ambient to 400oC 
Control mode:   ambient to 350oC 

3,000 ft./min. with guide sheaves 
10,000 ft./min. with ceramic 
guides 

+1% of full scale 

+10C 

+rc 
Less than one second time constant 

RESULTS OF WIRE TEMPERATURE CONTROL TESTS 
ON INSULATION QUALITY 

Using non-contact temperature measurement and preheat 
control for the wire, tests were conducted to deter- 
mint the relationship between critical Insulation 
parameters and wire preheat temperature on the 
following combinations of wire sizes and coatings. 

(A)   A fully annealed copper conductor insulated with 
a cellular medium density polyethyleniT 

The gaseous portion of this type of insulation is 
present in the form of many small discrete non- 
communicating cells.   These cells are uniformly 
dispersed through the Insulation cross-section.    At 
the same time they must not occur close enough to 
either the Inner or outer surface of Insulation so 
as to produce a microscopic rupture.    In effect a 
solid skin must be present on both surfaces.    In this 
way the optimum physical and electrical properties 
are assured.   The foregoing is applicable to both 
methods of closed cell production i.e. chemical 
decomposition or injected gas. 

The ski i on the outer surface is obtained through a 
combit.ation of die configuration, polymer selection, 
blowing agent masterbatch technique, temperature 
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control and quench arrangement In which the air gap 
between die and quench bath Is automatically varied 
by use of a coaxial capacitance monitoring and 
control device. 

The skin on the Inner surface Is directly related to 
conductor surface temperature and cleanliness. 

A condensation of the original study for one size of 
conductor Is shown below: 

Size #19 AW6 Copper wire Insulated to 
Diameter 0.062 Inches 

% Blow 30% 30« 30« 30« 

Conductor 
Surface 
Temperature 

R.T.(70oF) 150oF 200oF 230° F 

% Elongation 
(2 Inches/mln) 

45/50« 160« 425« 490« 

D.C. Voltage 
Breakdown 

4500 6000 9500 5000 

Capacitance (pf/ft.) 53 53 53 53 

The investigation also covered sizes #22. #24, #26, 
and #28 AUG.    Essentially the same results were 
obtained. 

(B)   A fully annealed copper conductor insulated with 
a solid low density polyethylene: 

This type of Insulation Is produced In such a way 
that the best physical and electrical properties 
present In the base compound are retained In the 
Insulated wire.   The tandem lines producing this 
class of Insulated wire are Identical to those 
producing cellular Insulated wire.   Coaxial capaci- 
tance measuring and controlling devices are used to 
automatically trim the line speed. 

A condensation of the original study for one size of 
conductor Is shown below: 

CONCLUSIONS 

A new Instrument for non-contact temperature measure- 
ment of wire has been described.   Application of the 
Instrument to study the relationship between wire 
preheat temperature and the critical parameters 
effecting Insulation quality of both foamed and 
solid plastic coated wire was conducted. 

The tests substantiate the direct relationship that 
wire preheat temperature has on the quality of the 
resulting Insulation. 

On the basis of the results It can be concluded that 
the use of this non-contact measuring technique can 
assure proper preheat temperature monitoring and 
control which Is essential to the production of high 
quality foamed and solid Insulated wire. 
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Size 

Conductor 
Surface 
Temperature 

% Elongation 
(10 Inches/mln.) 

D.C. Voltage 
Breakdown 

Capacitance (pf/ft.)   72 

#19 AWG Copper wire Insulated to 
Diameter 0.062 Inches 

R.T,(70oF)      150oF     200oF     250oF 

240« 

18000 

350«   500«   560« 

20000  20000  20000 

72    72    72 

The study also covered sizes #22, #24, and #26 AWG 
and essentially the same pattern emerged. 

Additionally the studies were repeated with 

(a) Gas Injected polyethylene and polypropylene. 
(b) Solid insulation of medium and high density 

polyethylene. 
(c) Solid Insulation of homo and co-polymer 

polypropylene. 

In all cases the lines were controlled using 
capacitance techniques. I.e., on solid coatings the 
capstan speed was varied while on foamed coatings 
the air gap between die and quench bath was varied 
both being based on the coaxial capacitance measure- 
ment technique. 
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S'^Kuir, third s«t point 

adjust "CALIBRATE" counter 
dial until dlqilal readout 
reads true prod,  temperature 

second determination of true prod, 
temperature after drawing line 
through all  three points 

first approximation of prod,  temperature 
after drawing first  line through first 
two points 
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TELECOMMUNICATION OPTICAL FIBERS 
f'ANUFACTURING METHODS 

G. Manfr§ -R&D Division - Technion SpA - Novara - Italy 

Summary:    The advent of optical fibers with a remarka- 
bly low transmission loss (less than 10 dB/km) has or- 
iented the glass fiber manufacturers to find new tech- 
nologies in order to produce suitable fibers. 
The main aim of world wide research of the 3 last years 
has been to reduce the optical fiber attenuation with 
a surprising results of 2 dB/km obtained with very 
special purified and/or doped silica fibers. 
Further we know now that features of the fiber depend 
on imourities absorption, bulk scattering, interface 
scattering, fundamental absorption. 
A part the impurities present on the bulk glass other 
fibers features seem mainly to depend on drawinr meth- 
od from melt. Thus, as any drawing optical  fiber tech- 
nology is basically a spinning method from a molten 
material, our research and experience on the drawing 
zone of the glass spinning process, let us to describe 
the present approach which intends to compare the main 
methods today in use at laboratory stage: 

- rod-tube simultaneous molten attenuation; 
- double crucible; 
- ion exchange (Seifoe); 
- rod molten attenuation of glass obtained by chemical 

vapour deposition; 
- glass plastic cladded fibers. 

Each method will be shown on both process parameters 
and fibers features and so the envolved engineering 
is emphasized in order to give practical indication to 
choice a method with better chances to industrial scale 
up. This to adapt a fiber drawing method to a contin- 
uous process with attendant economical gains. 

Introduction 

Optical glass fibers has attracted a particular inter- 
est for its possibility as a communication cable in 
the optical region and the major effort has been direc- 
ted toward reduction of light propagation loss. 
Although optical fiber cable are expected to start car- 
rying telecommunication signals within four or five 
years, at least over short distances, since now we 
think that the selection of the fibers for specific 
installation will require physical, engineering and 
economical factors which will play a great influence 
to decide their exploitation. 
The pawr intends to give comprehensive review on the 
actu     fiber forming methods for manufacture optical 
fibers to try and compare their particular characteris- 
tics in function of fiber properties and engineering 
factors to predict the futire industrial possibilities. 
This also to give the reader a picture of the basic 
fiber   features in function of the present fiber for- 
ming technology. Finally to inform that there will be 
not only one technology on one suitable fiber but a 
variety of technology for a selection of suitable fib- 
ers in conformity of different type of applications. 

In any way our paper has to be considered only a sim- 
ple approach because it is impossible to be very def- 
initive at this time. 

Optical aucenuation 

A part the modulation, amplification, equalization and 
other equipment which must be tailored to fit the op- 
tical fiber, the strong recent research has been devot 
ed towards reduction of light propagation loss /I/, 
12/, IV, IM, IV. 
In its simplest form, an optical fiber wave guide cons 
ists of a "core" of optically transparent material of 
given   refractive index, surrounded   by a   'cladding" 
of optically transparent material having a slightly 
lower refractive index.  Light launched into the core 
of such a waveguide is confined there and guided along 
the length of the waveguide by total internal reflec- 
tion   at the interface between the core and cladding. 
Optical attenuation or loss, in such a structure, mai^ 
ly arises from four sources: 

a) Impurities:    In fact any impurity ion present in 
the glass performs an electronic transitions, with 
energies corresponding to the wavelength of light 
being transmitted and thus this ion gives rise to 
absorption. The main absorber ions are the trans- 
ition metals /6/, iron, cobalt, nichel, copper, 
chromium, manganese, vanadium, platinum and rhodium. 
In addition, the presence of traces of water [1] in 
the glass (as hydroxil ions) causes absorption hin- 
ds in the near infrared ßj, 

b) Bulk optical scattering:    Any part of material with- 
in the core, performing a refractive index different 
from the core, will  cause the transmitting light to 
be scattered. Gas bubbles, inclusions, chemical in- 
homogeneities will generate scattering,   The lower 
limit of scattering should be the Rayleigh contrib- 
ution which results from density and microphase 
fluctuation in the glass structure. 

c) Interface scattering: As the light is confined to 
the core by total internal reflection at the core- 
cladding interface, any irregularities at that in- 
terface "ill also generate scattering losses. 

d) Fundamental optical absorption:   Due to exiton 
processes in the glass matrix itself any given com- 
pound glass system shows absorption in dependence 
of the spectral region.    For instance silicate glas^ 
ses show an extremely intense absorption in the ul- 
traviolet range which can not be reduced. On the 
other hand recent work /9' sugnests that the fun- 
damental absorption in the -ifrared region can be 
reduced by impurity conv-M . The remaining fundamen_ 
tal absorption, when extrapolated to the near infra 
red region, becomes so low as to be insignificant 
when compared to residual  impurity absorption and 
scattering loss, even in the case of ultra-low 
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loss fibers. 

fiom above the optical loss arising from the four sour 
ces can be simply divided In four parts: 

1 - losses caused by Impurities present In raw 
materials; 

2 - losses due to Impurities or Inhomogeneltles 
generated during the glass melting or the fiber 
forming process; 

3 - losses due to the structure of the selected glass 
system; 

4 - losses strictly dependent on th*! fiber forming 
technology. 

More precisely losses 1 and 3 can be reduced as by 
preparing glasses from special ultra-high purity raw 
materials as by selecting a given compound glass sys- 
tem performing a low fundamental absorption for the 
given light to be launched through the core.   But this 
matter is not treated in the present analysis which 
particularly involves only losses 2 and 4 directly 
dependent on both melting glass and fiber forming pro- 
cesses, as follows: 

- impui-ities can be minimized carrying out both proces- 
ses in an environment which does not contribute any 
additional contaminants. Our experience indicated 
that the main contaminating sources can be: the cru- 
cible materials for both batch and molten glass; the 
crucible wall material can diffuse into the glass 
either ion cr particles.    Further the atmosphere sur 
rounding the drawing zone of the forming fiber, chem 
leal surface reaction and ion or gas diffusion, can 
contaminate the surface or create bubbles at the 
interface /1Q/; 

- crystallisation and phase separation may be avoided 
during both glass melting and fiber drawing proced- 
ures; 

- Interface irregularities depend on fiber drawing 
technology. For this the best procedure seems that 
in which two molten glass surfaces flow together to 
form the Interface of the forming optical fiber, as 
for instance in a double crucible technique; 

- stability of drawing process to assure the dimensio- 
nal stability of the fiber. 

The aim of the present paper is to make a comparison 
of the fiber forming technique in function of the op- 
tical attenuation and other fiber features Included 
the dimensional uniformity. 

Fiber Drawing Methods 

First of all the selected glasses for waveguides must 
be suitable for drawing into fibers. Properties such 
as viscosity, its variation with temperature, surface 
tension, thermal expansion coefficient, devetrificat- 
ion and crystallisation curve versus temperature and 
relaxation time in addition, of course, to refractive 
index, have to be known as described by the author 
/liy, /12/. The present main optical fiber drawing 
methods are the following five: 

- rode and tube; 
- double crucible containing two glasses which flow 

simultaneously through two concentric nozzles; 
- special double crucible containing two glasses; one 

glass flows through a second glass while ion exchange 
occurs at interface (SELFOC); 

- composite rod; 
- single rod for obtaining glass-plastic cladded fibers. 

Rod and Tube 

Fig. 1 - Rod and tube method; 

a ' tube; 
b = rod; 
c * rod and tube simultaneous drawing 
d = heating furnace: flame, resistor, 

radiofrequency, laser. 

A rod of selected glass (Fig.lb) possessing the de- 
sired core characteristics is inserted into a tube 
(Fig. 1 a) possessing the desired cladding character- 
istics. The temperature of this combination is   then 
raised (Fig. 1 a) until?the viscosity of both materials 
is in the range of 7.10   f 10   poises, that is a vis- 
cosity low enough for drawing the glass from molten 
state. During the drawing process, the rod and tube 
are normally fed at different speeds to produce a 
fiber with the desired core to cladding diameter ratio. 
This method shows good results to produce glass   op- 
tical fibers having a large core and thin outside clad- 
ding.   From the manufacturing view, the selected mat- 
erials, rod and tube, must have the main following 
characteristics: 

1 - the glass purity requested as mentioned above; 

2 - the desired refractive index difference; 

■ 
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3 - a viscosity temperature curve nearly overlapped at 
least  in the viscosity range in    • in    poises: 

'I - a thermal expansion coefficient-temperature variat- 
ion nearly close; 

5 - both inside wall of the tuhe and the surface of the 
rod especially treated and cleaned; 

6 - the rod and tube sizes with a very low tollerance. 

Thus it is evident that the selection is strongly dif- 
ficult and rarely available on the market, this limits 
the industrial development   of the rod and tube method 
which leaves the best chances to a very specialized 
manufactures. 
In addition to the mentioned 6 points  which strongly res^ 
trict this method, furtherly the final fiber character- 
istics depend on the process variables which, on the 
base of the mass continuity equation, are related as 
follows: 

(0 

(2) 

(R?- Rf) vt Rf- 
RbVb R| 

v, = 
R?     D 

with Rt, Rj , Rjj, radius of tube, inside of tube and of 
rod; Rj, Re,   radius of total fiber and core- Vt,\/^,Vj, 
speed of tube, rod and fiber. 
Pur experience on fiber forming of soda-lime, borosil- 
icate and high silica glasses /l?/ let us to conclude 
that formula (1) and (?.) can be  positively applied 
only when the following conditions are taken into ac- 
count: 

- 3, 4, 6 above conditions are satisfied; 
- both drawing ratio *i/Rc > Rt/R(  , to be < 100 ; 

the ratio K= Ri/j^ tend to 1  ; infact the best rod- 
tube combination is prepared by raising the temper^ 
ture until the tuhe collapses around and fuses to 
the inside rod. 

The K ratio has carefully been analysed through a lot 
of experiments: its value afffects the stability of the 
process which is usually satisfactory when the follow- 
ing condition : 

(3)      (R?- K2R2
b)vt=   R2

bVb 

is verified, that means the glass volume of the tube 
and the glass volume of rod are nearly equal on the 
drawing process.    As a consequence, simple calculations 
by formula (1) and (3) show that the process can pro- 
duce good optical fibers having a large core and a 
thin outside cladding, which ratio is in the range of 
1 i 10. 
It is infact extremely difficult to maintain the core 
and cladding dimensions in manufacturing fibres with a 
very small core and very thick cladding, Cn the other 
hand the irregularities   affect the transmission char- 
acteristics of the waveguide. 
An additional problem is often caused by numerous tiny 
air bubbles and foreign particles being trapped at the 
core and cladding interface. 

Size and quantity of the bubbles depend on both K 
ratio md room atmosphere surrounding the drawing zone 
of the forming fiber.    A    reduction of air pressure 
decreases the number of bubbles as well as K  nears   1. 

The above limitations furtherly reduce the exploita- 
tion of this drawing method which,on the contrary.re- 
mains very attractive as for a very simple feeding 
part as for the possibilities of drawing a large quan- 
tity of available glasses, included the high silica 
ones,without the contaminating problems of containers. 
The speed of drawing fibers of  Rj = ioo|imcan achieve 
the range of 100 ; 5P0 m/minute. 
The heating source can be an induction furnace, a res- 
istor furnace, gas combustion burner, radio frequency, 
induction heater or a laser. 

Double Crucible 

Fig. 2- Double Crucible:   C2= external cruci ble; 
C, = internal crucible; 1 = glass with 
density p,, viscosity q, and n,refraction 
index; 2« glass with density Pj, viscosi- 
ty t|2 and nj = refractive index 

In this method, two cylindrical pla*;;num (or platinum 
alloy) crucibles, each with an orifice in its bottom, 
are fitted together concentrically (Fig. 2), 
The inner crucible contains the core glass and the 
outer t'ne cladding glass. 
The whole arrangement is heated in the furnace of a 
fiber drawing machine or simpler the crucible can be 
electrically heated as a resistor. 
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This method may be used for both soda-Ume and buro- 
silicate glasses, but not for high silica glasses. 

In fact the upper temperature obtainable with this 
method Is not higher than 1500oC. The selected glasses 
must have the main characteristics mentioned above ex- 
cept points 5 and 6 which directly refer to   rod   and 
tube method.    On the otner hand, the contamination of 
the glass by impurities from the platinum crucible (main 
ly   Iron and copper) seems one of the limits to over- 
come In order to reduce the absorption loss. The ten- 
dence Is also to reduce the temperature In the drawing 
crucible {~9000Cfor the sodium boroslllcate glasses). 

The raw materials for a core, as silica sodium carbo- 
nate, calcium carbonate, boric acid and others. In pow 
der form, have to be prepared of ultra-higti purity; in 
most '"■ ''dividual Irans'tion metal  ion concentrat- 
ions c,        .arts per billioi. or less  is requested. 

To prepare a core glass, to introduce afterwards In a 
crucible for drawing, a batch is melted in a special 
crucible with a very controlled atmosphere (dry and re- 
dox) and the obtained glas   '   , to be fined   and stir- 
red   by a very experimented procedure /13/ in order 
to achieve chemical homogeneity.    Thus from above the 
exploitation of this method seems to be limited by the 
purity of raw materials and th' contaminations from 
the crucible on both batch melting furnace and drawing 
crucible. Anyhow fibers of 25-30 dB/km attenuation loss 
over the spectral  range 700-800 nm have been obtained 
/14y with sodium borosilicate glasses. 
In fact the Interface contaminations, foreign particles 
and bubbles can be completely avoided. From the manu- 
facturing view the process variables can be related as 
following: 

C«) R? 

Ri Pi 9 h, 

R*   h, 1)2 1-2 

=   R?Vf 

(i-O 
InKK 

8ni Li 
with Rt.Rcradius of total and core fiber; R^RvL,.!^, 
radius and length of external and Internal orifices of 
the two concentric crucibles; g = gravity constant; 
h2ih1 head of gravity inside the external and internal 
crucible; PKHi, ^.density and viscosity of the two 
glasses.  K= Ri4j2the orifice ratio; Vf = speed of draw 
ing fiber at the drum winding machine. 
Formula (4) and (5) has been obtained combining the 
mass continuity equation and the law of flow through 
a cylindric capillary for a viscous liquid; the two 
glasses are assumed with the same density, at least at 
high temperature. Further the value of Li, L2 . have 
to consider also the end effects involved as the capil- 
lary are very short /297. 

With the further actually possible assumption U, = hz 
and r^-^ft"™!3 (4) becomes: 

ii JL [n - o- d^T 
L2 K4 

W R2-1 in yk 

Formula (6) has been used in our experiments to obtain 
fibers with several R and has been essential for des- 
igning the double crucible orifices in function of the 
predicted final fiber dimensions (Fig. 2). It is pos- 
sible to obtain fibers of Rt=100, 50, 10 »im at draw- 
ing speed respectively 10, 30, 50 m/min. with R up to 
10 or more In some case. The uniformity of fiber dim- 
ensions and characteristics depend both on the stabi- 
lity of the drawing zone HW• 

Generally good results are obtainable with drawing 
ratio   R2/R1 .   RI/RC<100. 
A part the limitations, concerning the raw material 
purity, temperature upper limit (high silica glasses 
cannot be used     because a suitable material crucible 
are not available for temperatures higher   than 1600°C) 
and the contamination from crucible (which might be 
furtherly minimized through future experience), this 
method can be considered very attractive and versatile 
to be Industrially developed at least for medium loss 
fibers and for glasses with not very high melting zone. 

Special Double Crucible 

with   R = R>^C 

Fig. 3 - Special double crucible (Selfoc); 
C, = Internal crucible; C2= external 
crucible; 1 = sodium borosilicate 
glass; 2 «  Tallium    borosilicate 
glass; Y= length of ion exchange zone; 
V,R= average speed and radius of ion 
exchange zone;Rc,vc = corp and fiber 
drawing speed 

This process, produces the so called "SELFOC" fibers 
(self-focusing light) showing a relatively step   chan- 
ge of refractive index in the core region. 
The SELFOC process has been developed in Japan since 
1968, firstly by drawing a fiber from rod pretreated 
with an Ion exchange procedure, more recently by a 
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double    crucible process (Flg. 3). The inner crucible 
contains a glass (usually a sodium bornsilicate) with 
ions to form the core, the outer crucible contains a 
second glass (also sodium borosilicate) with different 
ions to form the cladding. The core ions are selected 
as thermally diffusing Ions which contribute to the 
"graded index" profile in the fiber /le/. 
Among all monovalent ions.Tl ion has been selected for 
core glass for its largest electronic polarizabillty 
with a considerably small ionic radius. The ion in 
cladding glass 1s usually Na due to Its high diffusion 
thermal coefficient.    The fiber Is normally drawn at 
speed of about 20 m/mlnute, while (see Fig, 3) the 
Ion exchange of Tl and Na ions quickly takes place in 
the vicinity of the nozzles as a result of the high 
temperature (900 T 1000OC). 

A part the ion-exchange part,     this process can be 
considered as the double crucible method above descri- 
bed: raw materials    high purity, contamination from 
material crucible are less as drawing temperature is 
low and surrounding atmosphere is controlled. Further 
the process parameters controlled by formula (6) for 
double crucible. 
For this special attention has to be drawn to know the 
actual value of the length Ltby which the ion exchange 
length Y has to be taken into account as an end effect 
through a capillary tube so reducing the rate of flow 
of the core glass through the Inner orifice. On the 
other hand, the condition «^ = Hj   to apply formula 
(6) is well satisfied as the two glasses can be cons- 
idered very similar for viscosity - temperature beha- 
viour.    This lets the crucible designer to consider 
the correct nozzle geometry.    In addition to relation 
(6) a further relation, Involving the Ion diffusion 
process variables, has to be established In order to 
know the possible drawing speed and Its relation with 
the fiber features. 
In fact (Fig. 3) the flow rate 0,  of the core glass 
is given: 

(7) 0,=   R2V = RcVc 

with R an average value of the radius of the core 
glass flowing downward    in the outer crucible, V  its 
average speed,  Rc , Vc radius and speed of the core 
of the forming fiber. 
The exchange ion parameter /17y can be defined: 

(a) S=   DVR2 

Where DIs the diffusion constant of the diffusive 
ions and t the ion exchange time along theY length 
(10 T 15 mm) at which the core glass contacts the 
cladding glass.    Thus through (7), (8), (9) and Y=Vc 
we notaln: 

(») S=   Y^Vc 
The concentration profile of Tl seems to determine 
the parabolic-like refractive index distribution In 
the core region which can be obtained by selecting 
a proper value of S   , that Is, Y , D , Rc . Vc . 
The main controllable parameter to achieve the desired 
S value is surely Y . The value of S Is at present 

time about 0.04 /IS/. 
The Inventors /W of this method claimed very recen- 
tly to obtain optical fibers with transmission loss 
down to about 10 dB/km at wavelengths 0.81 T 0.85 |im 

The fibers can be manufactured with outer diameters 
150 ■■ 250 with the core region showing a parabolic 
like refractive index distribution of 30 j 50. 
This method has the same attributes of the double cru- 
cible process with the main characteristic to produce 
core with graded Index.   On the other hand, the diffu- 
sion process needs more sophisticated drawing process 
which surely will limit the final drawing speed of the 
forming fiber.    In fact the diffusion constant D can 
increase arising the temperature with the effect of 
contamination from crucible as well as dimensional 
instability. 
An additional limitation may be the difficulty to ob- 
tain core region with very small cross-section.   On the 
other hand better eccentricity and dimensional stabi- 
lity can be achieved by this method in comparison as 
with double crucible technique producing step index 
fibers as with the following composite fiber technolo- 
gy- 

Composite fibers 

Fig. 4 -   Composite fibers: 

a ■ tube with an Inside doped 
layer; 

b - tube with multiple doped 
layer; 

c = composite preform drawing 
after the tube collapsing 

For composite fibers we Intend those, step or graded 
index, obtained by pulling a glass composite rod pre- 
pared as a preform. 

The preform (Fig. 4 a and 4 b) to draw subsequently 
Into fibers Is composed with two or three concentric 
layers of different compounded glasses. 
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The glasses are usually silica based glasses doped by 
the addition of another oxide   to form a simple comp- 
ound glass containing a high proportion of silica. 
The oxides can be titanium oxide, germanium oxide, tan- 
talum oxide, tin oxide, niobium oxide, zirconium oxide, 
aluminium oxide and phosphorus pentoxide or others. 
The composite preform rod is usually prepared by for- 
ming Inside the wall of a silica tube, one or multiple 
films of the desired   materials (Fig. 4a, 4b). 

The films are formed by applying a layer of the desired 
glass or a layer of doping material or doped   glass 
that will diffuse into the Inside surface of the tube. 
The layer Is deposited by several methods as flame hy- 
drolisis, vapour deposition, radio frequency sputter- 
ing, bathing   the inside wall in a fluid that will ma- 
ke an ion exchange. 

So far very low loss, less that 3 dB/km, fibers have 
been obtained by: 

- flame hydrolisis of SiCl^ and T1Cl4vapours to obtain 
a layer of fused silica doped with titanium.The com- 
posite preform has been subsequently heated for sin- 
tering the layer as well as for collapsing the tube 
to obtain the rod. The two steps Index fiber /19/ 
obtained, show total  loss less than 3 dB/km at 780 
and 1080 nm wavelength; 

- chemical vapour deposition (CVD) has been successful- 
ly used to obtain graded Index fiber having a silica 
cladding and a core of Ge02 / Si02,/20,/   or 6203/8102, 
/2V     or P2O3 /SiOj,/22/   or B2O3- GeOj/SiOj/ZS;; 
or more recently fluorine /S102   (Suprasil w )/24/. 

The main characteristic of the composite preform 
method is that very pure core material can be obtained 
and so far the very low loss optical fiber produced 
have only been obtained by this process. 
However the composite preform is obtainable by a very 
long and sophisticated process. Unless CVD, sintering 
and collapsing could be obtainable by a continuous and 
in line controlled f"ocess.we think that the cost of 
the fiber will be a  rimit. 
In addition     the dimensional stability, the concen- 
tricity and circularity of the core in the final fiber 
are up to day limitations to overcome. 

These depend mainly on the composition, dimension and 
homogeneity of the preform as well as the stability of 
the drawing process likely what we have pointed out 
for the tube and rod technique.    On the other hand 
so far It is the only method to obtain fiber with very 
small core diameter for singlemode light propagation 
nv. 

Glass Plastic Cladded Fibers 

silica   rod 

heating 
furnace 

b) 

eccentricity 
due to elasto- 

plastic 
forces 

iquid  plastic 
or   solution 

thickness   control 

sintering 
or baking  furnace 

winding 
drum 

polymer 
extrusion 

curing furnace 

Fig. 5 - Sketch of method to produce glass- 
polymer cladded optical fibers. 

Usually an optical glass fiber needs to be plastic 
coated for handling performances and mechanical prop- 
erties to obtain practical cables. 
Recently among various kind of polymers, special ones, 
as perfluorinated - ethilene - propylene (Teflon - 
FEP 100) f25J, fluorocarbon resin {26J; and more rece;n 
tly silicon resin {27J, have been utilized as a clad- 
ding material. The core is normally fused quartz fi- 
bers with very low loss f2BJ. 
The mentioned resins srow usually a lower refractive 
index than normal glasses and relatively high losses 
(10   dB/km).   Optical plastic cladded fibers have been 
obtained with losses less than 20 dB/km with numerical 
aperture of 0,05 T   0.2 at wavelength corresponding 
to the minimum loss for the silica core. 
A possible manufacturing process is shown in Fig. 5 
where a silica fiber Is drawn from rod, then the un- 
clad forming fiber is dipped into a resin dispersion 
and passes through a furnace for sintering, finally 
the cladded fiber is dipped in a molten polymer and 
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passes through a furnace for curing before the winding 
drum.    The drawing and cladding operations can be in 
line with production    speed up to 100 m/tnlnute. 
A part the fiber characteristics which can be gained, 
our opinion is that from industrial view this techno- 
logy could be scaled up very speedly.  In fact our ex- 
perience on metallic enamelled wire and plastic coat- 
ing wire for the present telephone cables as 
well as on ordinary glass fiber spinning [ZSJ let us 
to consider these fibers the most convenient.  In fact 
rate of production, dimensional stability, handling 
performances and mechanical properties could be achiev 
ed by a technology with several operations in line. 
Our investigation on elastoplastic forces (See fig. 5b) 
in wire plastic coating for preventing eccentricity 
is part of our research /30y. 
Further the availability of silica rods from the sili- 
ca manufacturers as a raw material    /287, /3iy is an 
important facility in favour of this method. 

Conclusion 

Table 1  - Comparison of main feature of the drawing 
methods to obtain optical fiber for tele- 
communication and communication 

rod- 
tube 

double 
crucible Seltoc CVD 

glass/ 1 
plastic 
cladded a b 

Attenuation + + - - - + 

Temperature 
Control 

— + - - - + 
Versatility + + - - - +    1 
Interface 
Contaminants 

- + + + + -    | 

Dimensional 
Control in line 

- + + + — - 

Reproducibility - + + + — +    1 
Cost - + - + - + 
Dimensional 
Stability 

- + + - - +    | 
Optical 
properties + - ? + +  + ?    j 

+ =    Advantages 
— =    Limits and disadvantages 

a  ■    Glasses drawn at temperature below 1400oC 

/ «    Glasses (high silica contents) drawn at very 
high temperature above 1600°C. 

The conclusions of our comparison among the present 
drawing technology to obtain optical waveguide for 
teleconmunication systems, are summarized in table 1. 
Although at present time the composite rod method, 
better known as CVD method, seems the only one able 
to produce the today available very low loss fibers 
for telecommunication systems, our opinion is that 
double crucible, included the SELFOC, and the glass 

plastic cladded fiber will show better   chances when 
the cost of the fiber will play an Important role to 
decide the convenience to use glass fiber waveguide 
as a telecommunication transmission medium. 
For this the large quantity of experiments to obtain 
a soda-lime and borosilicate glasses with higher puri- 
ty are justified as well as for doped silica as an 
available rod. 
On the other hand as the practical design requirements 
for optical transmission cable and systemr, is still In 
development, various technologies to manufacture op- 
tical fibers certainly assure a rarge of different 
fiber characteristics, including the mechanical and 
the cost, which certainly leaves space to select in 
the near future different as telecommunication systems 
as well as communication systems.    In fact in addition 
to telecommunication application there will exist other 
applications as digital optical systems, military com- 
munications and others for which fiber with losses 
less than 100 dB/km will be exploited. 
For this, among other laboratories, we are trying to 
improve the double crucible and polymer cladding 
technologies. 
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FACTORS AFFECTING THE GRIP OP DIELECTRIC 
CORE WITHIN SUBMARINE COAXIAL CABLE 

by 

J. H. Daane 
Bell Laboratories 

Murray Hill, New Jersey 07974 

ABSTRACT 

The  factors  likely  to  affect  the grip of 
dielectric  core upon the  inner copper con- 
ductor of submarine coaxial cable are 
assessed.     Manufacturing data,  as well as 
laboratory  simulation runs and materials 
propertlea,  are  used to determine that the 
frictional gripping force developed during 
the  cooling of newly manufactured cable  core 
is perhaps more  important  than the conven- 
tional bonding adhesion  in preventing 
slippage between dielectric  and center 
conductor. 

Expressions  are developed  for calculation 
of gripping  force  utilizing the temperature 
dependence of  specific  volume and tensile 
modulus.     The  effect  of other material 
properties  such as  die  swell and melt elas- 
ticity which affect  orientation and thereby 
gripping  force are discussed,  as well as 
means  to measure  these properties.    Projec- 
tions are made which should allow the cable 
manufacturer to select materials and process- 
ing parameters to enhance  grip. 

INTRODUCTION 

A typical  submarine  coaxial  cable contains 
a center  strand of steel wires as the  load 
carrying member,  around which copper is 
wrapped to function as  an electricl con- 
ductor.     The dielectric  insulation which is 
extruded over this  conductor must grip  it 
strongly enough to prevent  slip when the 
cable is  grabbed by the Jacket during laying. 
The  force required to  slide the insulation 
off the center conductor of a  length of the 
cut  cable  is  called the  force of adhesion. 
Although this  terminology  is perhaps 
Inaccurate,  we will  follow this customary 
use of the word to mean any  for-u of resis- 
tance against  slippage between the center 
conductor and dielectric.     A sufficiently 
strong adhesion is  also  necessary in the 
cable  splicing operation  for preventing 
excessive  shrink-back from the heated region. 

Large variations have  been observed in the 
adhesion values  obtained  from manufactured 
cab]e even when using Identical processing 
conditions on  two materials reputed to be 
identical.     These  variations may arise from 
any of several  sources  such as actual 
material differences,  processing,  i.e. 
extrusion or cooling conditions and the 
adhesion  testing itself.     These kinds of 
effects are of  long standing interest  to 
Bell  Laboratories  and have been the subjects 
of study  since  the  1950's. 

NATURE  OF  ADHESION 

There are  two obvious ways  in which the 
adhesive  force may arise.     The  first  is  a 
conventional interfacial  adhesion  such as 
exists  between bonded surfaces.     It  Is  diffi- 
cult  to determine how important  this  is, 
but  a microscopic examination of the  center 
conductor after stripping off the dielectric 
shows a  trace uf polyethylene  left  on the 
copper  surface  (Figure 1),  as would be 
expected  in a good bonded surface.     On the 
other hand,  the current  grade  of polyethylene 
used is  very pure and free of polar impuri- 
ties,  and the copper surface  is  required  to 
be very  clean so that minimal  variation In 
this  type  of adhesive strength may  be ex- 
pected among the same type cables. 

Adhesion may also arise  from the grip affor- 
ded by the radial compresslve force developed 
as  the  ■ilelectric shrinks onto the  center 
conductor.     This gripping force will depend 
on how the polymer was extruded and  cooled. 
Test results show that adhesion in  submarine 
cable depends on the  temperature during test 
and that  It decreases during the  first 
several  days after the extrusion but  then 
increases  after longer storage.     This type 
of behavior indicates to us that  this  fric- 
tional gripping force,  and not  the  conven- 
tional adhesive strength,   is perhaps  the 
most  important  factor to  consider. 

ANALYSIS  OF THE  GRIPPING  FORCE 

One  of the primary reasons  for variation  in 
the  gripping force arises  from variation  in 
the  cooling of the dielectric  Immediately 
after extrusion.    The gripping force  is 
weaker if the outer region of the dielectric 
crystallizes to form a hard shell before  the 
inner region begins to crystallize,   because 
in  such a casr the polymer will tend to 
contract  away from the center  conductor. 
A  large  temperature gradient  In the poly- 
ethylene will encourage this  type of behav- 
ior and result in poor adhesion in  the 
finished  cable.    In an extreme  case  voids 
might  form near the center conductor.     Fast 
cooling and high line speeds will obviously 
lead to  such a situation.     It  must  also be 
realized that crystallization of the  dielec- 
tric through evolution of latent  heat  of 
fusion retards the radial heat  flow  so that 
the extrusion of a large diameter core of 
high-density polyethylene with a good ad- 
hesion  characteristic  is particularly 
difficult.     This was demonstrated during 
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recent extrualon experiments In one of our 
cable development programs . More recently, 
Lemalnque and Terramorsl2 have reported a 
successful extrusion of a large diameter core 
of high-density polyethylene by air cooling 
the cable for the first hour. Air Is hun- 
dreds of times less efficient In removing 
heat than waters, and these authors have 
shown that the temperature gradient stayed 
small, ca 1.60C/mm, in spite of the large- 
heat of crystallization of the polymer. 

We have devised a similar experiment to 
examine heat transfer in a one inch diameter 
cable with low-density polyethylene insula- 
tion.  Three-inch long samples were cut from 
the insulation, and three thermocouples were 
Imbedded in each - (1) near the outer surface 
(2) halfway between the outer and inner sur- 
faces, and (3) near the inner surface which 
faced the center conductor. The first sample 
was heated to l850C and subsequently trans- 
ferred to water baths at the temperatures 
of the cooling troughs to simulate the 
cooling cycle in a plant.  In Figure 2 we 
have shown the temperatures measured by the 
three thermocouples.  For this polyethylene, 
primary crystallization^ is over in a minute 
at 100oC, but at 90oC it is over in several 
seconds. The outer surface temperature 
traced by Curve 1 follows the cooling water 
temperature closely, whereas the two inner 
regions cool much more slowly; and a substan- 
tial temperature gradient of 250C/mm develops 
between them, as shown by Curves 2 and 3. 
This is a large gradient even for low-density 
polyethylene, so that the grip in the finished 
cable may be expected to be substantially 
lower than when crystallization is more uni- 
form throughout.  In Figure 3 are shown the 
results when a similar sample was air cooled. 
Since air is a poorer heat removing medium, 
as mentioned before, crystallization is much 
slower; and the gradient between the two 
inner regions is considerably smaller than 
in the previous case.  Crystallization, 
detected by the temporary leveling of the 
curve (because of the exothermic process), 
is observed to occur simultaneously in the 
two inner regions.  Adhesion was found to be 
markedly improved. 

Now let us estimate what sort of variation in 
the gripping force one may expect with 
various heat transfer conditions. We do 
this by estimating first the final size of 
the hole in the dielectric without the center 
conductor and next the stress arising when 
the center conductor is left in place.  The 
cross section is depicted schematically in 
Figure ii.     If the center conductor were 
absent, the radius of the center hole, a, 
after uniformly cooling from 190oC to 20oC, 
would be 

a  V1 V V ; 20J 

where a0 is the radius of the center con- 
ductor, W  is the fractional volume change 

(1) 

between the two temperatures, and n is the 
ratio of the bulk to radial linear expansion. 
If the contraction of the core is Isotropie, 
n is 3-  If there Is no lateral contraction, 
n is 2.  During the cooling of extruded cable 
core, no lateral contraction is allowed, so 
we will use n » 2. 

Now, when there is a large enough temperature 
gradient radially, the outer region solidi- 
fies while the inner region still remains 
molten.  Such a shell becomes sufficiently 
stiff at 8o0C to interfere with subsequent 
contraction of the inner region.  At this 
time the temperature of the molten region, 
which is about to crystallize, should be 
about 100oC. If we designate the radius of 
the boundary between the outer solid shell 
and the inner molten core as S, we obtain for 
the radius of the center hole 

., r, l,AVvl90-, . ..ifivaoo. 
ao[1"2(^r) 20] + S 2(T) 80 (2) 

Our object is to estimate  the  stress around 
the  conductor.    The  incremental tangential 
stress,   6ag,  arising from stretching a back 
to a0  is 

and 

6ac 
,6C2TTa) 
J 2Tra 

6a _  1,6V, 
a   ~ 2(V > 

(3) 

CO 

where E  is the tensile modulus  of the  polymer, 
which varies widely with temperature.     Thus 

V(190) V(100) 

'e 2VV / 
„      l,dVW fr-S E-g-C-^-)'     (5) 

V(20) V(80) 

We obtained dynamic modulus and specific 
volume of this polyethylene as a function of 
temperature, as shown in Table I.  From the 
data we evaluate Og shown in Equation r as 

[509- 0.165 
x93.6] psi. (6) 

For a cne-inch cable, S cannot exceed 0.5 
inch.  In the worst case, therefore, where the 
gradient is high and the shell is largest, the 
minimum of the tangential stress of 255 psi 
is calculated from Equation 6, whereas in the 
best case where crystallization occurred uni- 
formly the stress can be as great as 509 psi. 
The radial pressure, p, exerted on the con- 
ductor is given by the formula-' 

v,2 „2 

b +a 
(?; 

An inch-long conductor has an area of  2Tra0 
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TESTING EFFECTS 

One way of evaluating the force required to 
slide the dielectric off center conductor Is 
to use a fixture which pulls the Inner con- 
ductor composite member through a hole In a 
steel plate which restrains the dielectric. 
Test data Indicates that such a procedure 
gives a gripping force per Inch which Is 
dependent on the sample length.  For Instance, 
a three-Inch sample exhibited a total resis- 
tive force of ^50 pounds or 150 pounds per 
Inch, whereas a six-Inch sample exhibited 
about the same total force or 75 pounds per 
Inch. It Is evident that the load Is not 
uniformly distributed along the length of 
the cable at the time of stripping, but the 
first short length must bear a large portion 
of the load.  This is probably because of the 
greater compresslve load at the tip of the 
sample as Illustrated in Figure 5.  This 
underscores the need for squarely cut ends 
on test specimens.  In a test such as this, 
the first inch or less would probably take . 
tho entire load and the corresponding grip- 
ping pressure will be greater than the 
intrinsic pressure derived in Equation 6 
because of the additional compresslve load. 

Other data such as that in Figure 6 indicates 
that the adhesion diminishes with increasing 
temperature. This underscores that the 
adhesion in question is indeed derived from 
the gripping by friction such as discussed 
earlier.  Since polyethylene expands with 
temperature much more than the center con- 
ductor, its grip diminishes accordingly. 

Thus, the Interval from time of manufacture 
to testing, temperature of testing and 
preparation of specimens must be carefully 
controlled to minimize variations Introduced 
in the evaluation procedure itself. 

COOLING EFFECTS 

We have seen that the formation of the hard 
outer shell is critical and what is desired 
is as uniform cooling as is possible to 
minimize large temperature gradients in 
the dielectric.  Slow line speeds with long 
cooling troughs and small temperature dif- 
ferences from trough to trough are indicated. 
The use of air cooling appears desirable but 
is impractical from a manufacturing viewpoint 
because cooling line lengths become excessive. 

EXTRUSION EFFECTS 

The gripping force which arises as the polymer 
shrinks onto the center conductor is also 
influenced by the extrusion conditions.  The 
effect of line speed on the cooling rate has 
already been mentioned.  The amount of 
orientation Induced by thr-oughput, melt tem- 
perature and line speed will also Influence 
adhesion.  This is shown schematically in 
Figure 7. 

The top illustration shows the case where 
the drawing Is severe or the case where the 
polymer melt with long relaxation time is 
extruded, and a large amount of molecular 
orientation resulted in the longitudinal 
direction.  This orientation can be examined 
by the amount of shrinkage the dielectric 
will undergo when heated well above the 
melting temperature.  Shortly after It is 
extruded, the residual longitudinal stress 
correspondim; to this orientation relaxes 
and diminishes.  This will tend to make the 
diameter larger, so that the grip on the 
center conductor will also diminish.  After 
that, however, polyethylene will continue 
slow secondary crystallization long after 
primary crystallization has taken place, 
so that the grip will begin to rise again. 
Data has been gathered which shows that 
the adhesion initially falls but will rise 
again, as shown in Figure 8.  If the core 
can be extruded with minimal orientation, 
due to either a high melt temperature, a 
low viscosity due to narrow molecular weight 
distribution, or slow line speed, the grip 
should not diminish as much after extrusion. 
This is illustrated by the pictures at the 
bottom of Figure 7.  Here the initially less 
oriented cable will have less to relax, but 
the stress is not likely to increase sharply 
with secondary crystallization. 

The effect of orientation on adhesion can 
lock at times very confusing.  Since the 
gripping force varies with time from manu- 
facture by as much as 100 percent, if the 
adhesion is plotted against orientation 
(shrinkback) without being carefully measured 
simultaneously, a shotgun plot results.  We 
have not seen data in which care was taken 
about this point. 

MATERIALS EFFECTS 

We have already mentioned the heat of cry- 
stallization of the polymer as the single 
most important property on overall heat 
transfer, which in turn affects the magnitude 
of adhesion.  Since the cooling steps in most 
manufacturing plants are compromises and thus 
not Ideal so far as temperature gradients are 
concerned, a subtle variation In other 
material properties may magnify an already 
unpredictable feature of the core, such as 
the adhesion. Rheological characterization 
of polymers by standard techniques may then 
need to be supplemented by non-standard ones 
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when manipulation of normal material proper- 
ties and processing parameters f£.ll to 
resolve product property problems. 

In the case where Improvement of adhesion 
by processing changes was not effective, a 
study of the polymer's melt elasticity may 
be In order In light of the effect of too 
much orientation on adhesion.  A striking 
Illustration of this approach Is J. Melssner's 
work In which three branched polyethylenes 
with equal density, melt flow Index and 
shear viscosity over seven decades of shear 
rate were shown to have dlffen-nt melt 
strengths and processing properties. ° One 
may note that the first properties clte^ would 
normally go a long way In the specifying of 
a material. 

In our work, two materials produced by the 
same manufacturer and Intended to be Iden- 
tical gave vastly different adhesion values. 
Subsequent examination of melt flow rate, 
density, swelling ratio (at low shear rate), 
viscosity over several decades of shear rate 
(Figure 9) and stress relaxation after steady 
shearing at different (low) shear rates In a 
Welssenberg Rheogonlometer (Figure 10) failed 
to denote any differences In the materials. 
However, when the swelling ratio or die 
swell on relaxed extrudates was measured at 
higher rates of shear, a noticeable difference 
was seen (Figure 11).  In line with the 
reasoning set forth earlier in  this report, 
the lower die swell material exhibited 
superior adhesion. I.e. assuming the same 
throughput, the less the extrudate swells, 
the less strain to relax after extrusion and 
the less the diameter of the core will 
Increase and cause the grip on the center 
conductor to lessen. 

Die swell measurements, however, are tedious, 
dependent on careful measurement of extrudate 
diameters and require a rheometer capable of 
variable output.  Hence, an apparatus was 
constructed using a small, motor-generator 
driven, piston extruder with Interchangeable 
dies to give an extrudate which is then drawn 
over a set of pulleys, one of which is 
attached to a balance arm monitored by a 
force transducer.  The draw rate is variable 
by a set of takeup wheels driven by a pre- 
cision motor-generator set. The total 
apparatus is shown in Figure 12. An example 
of the data obtainable is shown in Figure 13 
for resin A at four different temperatures. 
Force increases with rising viscosity as the 
temperature is decreased.  Comparison of the 
drawing force of resins A and B at the same 
temperature is shown in Figure 14. Here one 
can see that the higher die swell resin A 
exhibits a higher melt tension for a given 
draw rate. Thus more elastic strain energy 
would be imparted to the resin at a given 
extruder throughput, thereby leading to 
greater relaxation and retraction from the 
center conductor. 

Thus we have shown what others have Inferred, 
namely that melt tension increases with 

Increased die swell' and further that this 
can be related to product properties such 
as adhesion.  We are attempting to confirm, 
as has been shown in some cases, that at a 
given melt index, long chain branching sig- 
nificantly increases melt strength.8 

Unfortunately the ability to measure proper- 
ties hitherto not monitored has not allowed 
us to consistently obtain materials meeting 
our highest desires. As has been mentioned, 
the melt strength is believed to be related 
to the nature of the branching of the poly- 
mer, which is a molecular property not 
easily determined or precisely controlled by 
polymer manufacturers since the long branches 
in polyethylene molecules are thought to be 
produced by intermolecular chain transfer 
between polymer molecules and growing polymer 
radicals. ° Given the above techniques of 
die swell and extenslonal stress measurement, 
they may now have tools to monitor changes in 
production product, which may then be related 
to the polymerization process parameters 
which ought to result in tailor-made materials 
for our applications. 

SUMMARY 

Care should be taken In the preparation, 
temperature and timing of the adhesion test 
specimens. The following will then be useful 
in enhancing adhesion: 

1. Processing-air cooling, slower cooling 
down to 100oC, and smaller diameters to 
minimize the temperature gradient within the 
core.  Higher temperature cooling water, 
preheating the center conductor, keeping 
down the line speed and increasing the polymer 
temperature should also help. 

2. Materials properties-lower density poly- 
mers have lower heats of crystallization and 
smaller volume change during crystallization, 
which will help greatly. Also of help would 
be lower die swell materials, narrower 
molecular weight distributions, lower vis- 
cosity and a strong tendency for secondary 
crystallization. 

REFERENCES 

1. S. Matsuoka, private communication. 

2. H. Lemainque and G. Terramorsi, Conference 
Internationale des Grands Reseaux Elec- 
triques, 1972, Paper 21-07, 

3. H. S. Carslaw and J. C. Jaeger, "Conduc- 
tion of Heat In Solids," Second Edition, 
Page 20, Clarendon Press, Oxford, 195J. 

i).  H. E. Bair, private communication. 

5. S. Timoshenko and J. N. Goodler, "Theory 
of Elasticity," McGraw-Hill Book Company, 
Incorporated, New York, 1950, Page 60. 

f 

6. J.   Meissner,  Trans.  Soc.  Rheol.   16_,   405 
(1972). 

78 

* ■wswaiwMiiagfe.j,; 

<<"■'■;   ! i ■ -■,$ 

üi a^i^,f*.i^.a..*.i4i.^.,iW..,^.>^^ 



,..;i>ta wmm* 

.. 

7. A.   Bergorzonl  and A.   J.   DICresce,   Polym. 
Engr.  Sei.,  6,  50(1966). 

8. W.   F.   Busse,   J.   Polym.   Sei.,   A-2,   5, 
12^9(1967). 

9. R. A. V. Raff and K. W. Doak, "Cry- 
stalline Olefln Polymers," Interscience, 
New York, 1965, Part I, Page 3^9. 

TABLE I 

Temperature Modulus Volume Maximum 
0C 

n 
10    psi 

0 

cirr/g 
o6    psl 

110 0 

100 0.10 1.180 0 

90 0.28 1.160 45 

80 0.55 1.140 93 

70 0.67 1.127 132 

60 1.17 1.116 191 

50 1.38 1.107 252 

40 2.07 1.097 338 

30 2.76 1.091 413 

20 3.45 1.085 509 
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Figure   1     Photograph of polyethylene  left  on 
copper inner  conductor  after 
stripping away  the  dielectric 
(^100 x magnification). 

figure   2    Temperature  curves  at   three  points 
within one  inch O.D.   dielectric 
core  undergoing  cooling trough 
simulation treatnent. 

Figure   3    Temperature   curves  at  three  points 
within  one  inch O.D.   dielectric 
core   undergoing ambient air  cooling. 

Figure   H    Schematic  cross  section of dielec- 
tric   core. 

EXAGGERATED   VIEW/ OF 

ADHESION   TEST 
Figure 5  Schematic of compressive action at 

tip of adhesion specimen. 
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•10 40 SO 0 10 20 30 

TEMPERATURE,0C 

Figure  6     Adh. slon versus  temperature  of 
testing 

HICiHUY   Oft' 
RELAXED 

SECONDARY 
CRYSTALLIZATION 

NOT  MUCH   TO 
RELAX 

■.ESS   ORIENTED NOT MUtH  -ro STRESS   ALREADY 
HIGH   AND   NOT 
MUCH    INCREASE 

Figure   7     Schematic  view of effect  of  orienta- 
tion upon adhesion. 

200 

=    150 

100 

0 5 10 15 

TIME.dayi 

Figure   8     Adhesion versus  time  of   storage. 

2 3 4 
TIME, minu le$ 

Figure  10  Normalized   shear  relaxation  stress 
versus  time  at  two  shear rates. 

2 4 7 10 

SHEAR   RATE (ice-1) 

Figure 11 Die swell versus shear rate. 
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Figure 12 Photograph of melt tension 
apparatus. 

0 25 50 75 100 
TAKE  UP VELOCITY,cm/fnin 

Figure 14 Drawing force of two resins versus 
take-up rate. 

0 40        80        120       160 

TAKE UP VELOCITY, cm/min 

Figure   13   Drawing  force   at   four  temperatures 
versus  take-up  rate. 
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SUBMARINE COAXIAL CABLE FOR OS-36M SYSTEM 

Y.Nep-.ishl, T.Yashlro and K.Aida 

Ibaraki Electrical Communication Laboratory, 
Nippon Telegraph and Telephone Public Corp. 

Tokai, Ibaraki, Japan 
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In Japan, CS-36M system development was 
started in 1958.  Transmission in one direc- 
tion is carried in the frequency band of 4.3 
MHz to 17.0 MHz and in the other direction 
by the band of 22.8 MHz to 35.5 MHz, and 2,700 
telephone channels or 900 telephone channels 
and 1 color TV channel can be provided in each 
direction. 

Application of this system began with the 
domestic inter-island system, which was about 
1,000 km long. 

Submarine coaxial cable, whose diameter 
is 38.1 mm,is selected for use as the trans- 
mission medium for the system.  This cable 
structure is the same as that of SF cable. 
However, it was necessary to Investigate some 
problems in order to widen the frequency band 
up to 35.5 MHz.  Misalignments between the 
repeater and the cable characteristics must be 
minimized because of the difficulty in re- 
setting the equalizer after the cable is laid. 

Though computer aided adjustable equaliz- 
ers were adopted for reducing accumulated 
transmission deviation, the following problems 
had to be Investigated for the equalisation 
plan. 

Determine high freqency transmission 
characteristics and assure cable loss 
homogenlety. 
Determine cable high frequency charac- 
teristics in the ocean bottom environ- 
ment . 
Predict laying effect on the cable loss. 
Predict aging effect on the cable loss. 

This paper describes the study of the 
above problems and the equalization character- 
istics at a sea trial. 

(1) 

(2) 

(3) 
(4) 

2. Cable Structure and Design Objective 

The 38 mm (1.5 inch) submarine coaxial 
cable consists of five components.  They are, 
(1) a steel strand strength member to provide 
high strength cable, (2) a copper inner con- 
ductor which surrounds the steel strand, (3) 

alow density solid polyethylene dielectric, 
CO copper outer conductor overlapped In the 
longitudinal seam and (5) a high density poly- 
ethylene outer Jacket.  A cable loss deviation 
of +0.5 percent was included to minimize sys- 
tem misalignment.  Change in cable loss re- 
sulting from variations in inner and outer 
conductor diameter, eccentricity of Inner con- 
ductor, copper conductivity or dielectric 
constant can be within ±0.1 percent with pres- 
ent industrial engineering.  A dissipation 
factor, however, should be controlled because 
of the increased effect on the cable loss at 
higher frequencies.  The relation of the ca- 
ble loss deviaion to the dissipation factor 
at 50 MHz is shown in Fig.l, obtained from 
experimental cables.  The effect of ±5xlü~6 

change causes ±0.37 percent change in the ca- 
ble loss.  A tolerance of ±7 x10~ on the 
dissipation factor at 50 MHz was included for 
the cable loss objective. 

3. Ocean Bottom Environment Effect 
en Cable Electrical Properties 

3.1 Measurement Facility 

It is necessary to estimate, as accurate- 
ly as possible, cable attenuation on the sea 
bottom in order to construct a long distance 
submarine cable system with little misalign- 
ment.  An artificial ocean, therefore, which 
can simulate deep sea conditions (3C'C, 500 
km/cm2), and a precise attenuation measuring 
set, which can have a measuring accuracy of 
±0.1 percent, were constructed. 

The artificial ocean consists of two high 
pressure steel tubes 100 meter in length, 
settled in a temperature controlled water 
bath.  Hydrostatic pressure in the steel tubes 
is controlled by an oil powered pump.  A cross 
section view of the artificial ocean is shown 
in Fig.2.  There are two high pressure steel 
tubes and a platinum string used as a ther- 
mometer between the two steel tubes.  Thirty- 
four tubes in which cold or hot water flows to 
control the temperature in the water bath are 
mounted Inside the inner concrete wall sur- 
rounding the water.  The thermal Insulator and 
the outer concrete wall cover the inner con- 
crete water bath.  This artificial ocean can 
simulate any sea condition wherein the tem- 
perature range is between 30C to 20oC (+0.01 
0C ) and the pressure range is between 
0 kg/cm2 to 500 kg/cm2 (±0.5 kg/cm2). 

As small an attenuation change as 0.0002 
dB (5 MHz), 0.0008 dB (CO MHz) has to be 
measured, in order to investigate the atten- 
uation pressure dependence of 38 mm coaxial 
cable using a 100 m test piece.  The atten- 
uation is obtained by a Q factor of a cavity 
constructed from the cable to be tested. 
(Fig.3).  Transmission power of the cavity Is 
measured to obtain the Q factor. 
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(1) 
At the coupling loss of vhe present measure- 
ment is sufficiently small (below 0.17,), it is 
possible to use loaded Q instead of unloaded Q. 
to calculate the attenuation from Eq.(1). 

3.2 Transmission Characteristics Temperature 
Dependence 

3.2.1 
Attenuatlo 
defined by 

aT = [ 

Figure 4 p 
measuring 
of 50C, 10 
ficient de 
and then b 
The freque 
to the dis 
characteri 
-'I*l0~i/°C 

3.2.2  Phase Constant and Characteristic 
Impedance Temperature Coefficients    Phase 
constant and characteristic impedance are 
known to be given at high frequency by the 
following equations, respectively. 

(3) 

Attenuation Temperature Coel'ficient 
ature coefficient  at  T?C   is 
lowing equation: 

Ti/a(T,) _ (2) 
the af which was obtained by 
ion values at temperatures 
50C.  The temperature coef- 
as the frequency Increases, 
ero at approximately 100 MHz. 
ndence of a.p Is mostly due 
factor versus temperature 

-i)xlO~3/0C at 10 MHz, 
2) 

n temper 
the fol 
3a(T)-, 
3T JT= 

resents 
attenuat 
0C and 1 
creases 
ecomes z 
ncy depe 
slpation 
sties, f 
at 50 MH 

= ß^ + ßp /f 

+ Zp//f . CO Z o = 20 
As measuring results, all of those coeffi- 
cients vary linearly with temperature from 5°C 
to 150C.  Their temperature coefficients are 
given in Table 1. 

3.2.3 Cable Diameter Temperature 
Characteristics    Cable diameter variation 
due to temperature change can be derived from 
dielectric constant temperature dependence 
and cable capacitance, as follows: 

1 ad; 
d. 3T H, aT-('t-arr~raT','J-r"'ri,J  (-^' 1 E 3T  C 3T d, 

where di; Inner conductor diameter, da; di- 
electric diameter, c; dielectric constant. 
Diameter temperature coefficient becomes 
0.021/5/oC, by using the measured values 
i/e-3e/3T=-0.031?/oC and l/C-3C/3T=-0 . i)16f>/0C , 

j2-^= 0.021 ( %/°C ) (6) 

3 . 3    Transmission  Characteristics   Pressure 
Dependence 

3.3-1     Pressure  Response  Characteristics 
The  capacitance  of   38 mm submarine  coaxial 
cable,   under a  rapidly applied  hydrostatic 
pressure   in a  pressurized  steel  pipe,   is 

me a 
one 
beco 
The 
obst 
Fig. 
prop 
capa 
appl 
from 

This 
vise 
cabl 
betw 

ured as a  function of  time. 
hour,   the  rate  of capacitanc 
me?   very  small,   but  does  not 
experimental  result  of capac 
rved  over  a   long  period,   is 
[).    After about  an hour,   its 
ortiona]   to   logt.    The   incll 
cltance  with   log t    is   not   a 
led pressure.     The  Inclinati 
Fig. 5,   in  the   following,  for 

|ÜCMa(9}imo-5 . 
Slogiijt 

phenomenon can be explained 
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de 
dt 

idP + ip 
Y dt n 

After about 
e change 
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shown in 
change is 

nation of 
function of 
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mula I 

(7) 

as   Maxwell's 
e   polyethylene 
,   the   relation 
given  by 

(8) 

where y is elastic modulus and nis given by 
Eq.(9) as a function of specific volume V. 

n - Aexp{ BV/(V-V0)}     (9) 

where A and B are constants and Vo is volume 
occupied by polymer molecules.  In the case of 
small strain e, E..(9) become;; 

n = A' exp (B'e) .     (10) 

In the case of applied  stepped  pressure,  the 
time  dependence  of  strain  e  is given  by 
Eq.(ll).     Using  Rqs.(lQ)   and   (8), 

^ B r log{Po|Lrexp(-B'£-0) B 

+ il0g{t+^A_| exp(B    ^ iZs)} (11) 

Capacitance change AC with pressure is 
portional to the cable outer diameter change. 

AC = k.e (12) 

Therefore,   capacitance  change  AC  becomes as 
given by Eq.   (13)   In the  case of  long time t, 
from Eqs.   (11)   and   (12). 

AC^kripo +-L10gnJo|lexp(_B,SL)] +_lrl0E(t)]  (13) 

AC changes linearly with logtand its incli- 
nation is constant, not depending, on applied 
pressure within  this  experiment. 

Cable attenuation variation  due  to  pres- 
sure  is chiefly determined  by  changes  of cable 
diameter and dielectric   constant.     It   is exper- 
imentally determined  that   these  paramters are 
linear  functions  of capacitance.     Therefore, 
attenuation variation can  be  deduced  from tne 
measured capacity  change  AC  value. 

a    2   e    1ln(d2/d1)  1 +d2/d1
/ d2       

KC 

During time period t1,   cable  loss  change and 
capacitance  change  are  expressed  as Aa(tj) and 
AC(tj),   respectively.     Therefore,   the   following 
equation  results. 

Aa(ti)    =    AC(ti ) 

Au(12) AC(1 {15) 

For example, it can be estimated from Eq.(15) 
and Fig.5 that cable loss variation during one 
hour Just after laying the cable amounts to 97 
percent of that during the twenty year period 
after laying the cable. 
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3, ■(.,'     ['has'-   i'0!u;,t,ata  and  CharaijtiM'l litlc 
Impedance   Presjur.3  Characlei'lS' les Capaci - 
taiice, Viiajc  oouatant   and  eharajterlstlc 
impedance   of  3^  "im dlanit-'ifr,   100 in  loriR sub- 
marine  cab!«  were  measurod   from S0'-'  to  cV,°C 

■in i    under    pr-.'..-iif<^-    of      0   k,'/cm''     1,o   r.0() 
i.i'/cm2.   The   resonance   method was  used  with  a 
inon.-.iiiviii'-nl  accuracy  of   1*10   J. 

Oüaerved  phaüe constant  pressure  charac- 
teristics   are   shown   In   Pip;.6.     When   pressure 
Is   applied   to   the   cable,   phase  constant 
Increases   linearly with   Increasing  pressure. 
The   phase   constant  pressure' coefficient   is 
given   In 

i|f'5£^= i.i.ao-'   (i/kg/om?)   .     (ir.) 

T!ie   charactei'istic   Impedance pressure 
coefficient   Is   given   by   hq.(17)   under  the   same 
conditions. 

_1    3^,. J_ 3_Z a 
Zo" 3P '   Z»3P 

•l.'MO"'"'  (V',-e-/cm2)        (17) 

Pre 
die 
hyd 
bee 
inv 
act 
Coa 
exp 
Eq. 
sta 

3.3.3 
;ure  0 

Polyetliylene  Dielectric   Constant 
haracterlst ics Polyethylene 

lectric   constant   characteristics   under 
rostatic   pressure  have  not  been  clarified 
ause   of  difficult   measurement   techniques 
olved.     Prom  phase   constant  pressure  char- 
eristics,   it   can  be   deduced  as   follows, 
xlal  cable  phase  constant   is  generally 
ressed   in  Eq . ( 3 ) .      Boo  i3  expressed   in 
(18). where   t   is  a   relative  dielectric   con- 
nt  of  cable   insulator. 

P^ = STi/yFTc (rad/Hz/m) (18) 

(   where   y = Wio"7, c0= 8 . 85^*10' ) 
?.2766xß^xio (19) 

The   low density  polyethylene aielectrlc   con- 
stant  pressure   characteristics,  obtained  from 
observed  phase   constant  and Eq.(19)j   are 
shown  in  Fig.7-     Dielectric  constant   c   is 

increase  linearly  wltn  increasing 
The   pressure   coefficient   of     e 

found to 
pressure 
becomes. 

Tin 

12L 
c 3F 

np 

2.0*10   ''    (1/kg/cm2)        (20) 

ar   mole ule 
stant Is generally given 

 e - 1   _ Nap 
YE + (3-Y'1 ' 3coM 

by 

Claus 
that 
The p 
withi 
thour 
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Eq . (2 
vary 
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Eo 
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lus M 
polar 
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dielectric con- 

(21) 

stant local  electric   field  con 
density 
Avogadro's constant 
molecular weight 
electric polarity of molecule 
relative dielectric constant 
dielectric constant in vacuum . 

is unity In Eq,(21), Eq.(21) becomes 
osottl'a  equation.  It is known 
ity a  does not depend on temperature, 
hylene density change with pressure 
kg/cm2 is very snail, so Y and a are- 
be constant, not depending on tem- 

nd pressure.  Tims, e and p in 
e the only two parameters which 
variation of teiiparature and/or 
"or that reason, temperature and 

haracterlatlcs of E may be expected 
with those of p.  The relation 
calculated from Rq.(I9), and p, 

on;; 
Pig 
sur 
e 1 
app 

w i t. 
(21 
is 

erved  by  using, an autoclave,   is   shown  in 
.8,   as  parameters  of temperature  and  pres- 
e.     It  Is  clarified  that   the  supposition, 
s   a   function of only  parameter  p,   can  be 
lied   to the  polyethylene. 

Then,   experimental   results   are  compared 
li :laui ;ott' equation.     Equation 
)   becomes the  following  equations,where  p. 
unity. 

?kp -I 1 
(2?) kp 

where p^ is standard density 

(23) 

As   es   is  2.2887 where  ps   is   0.92235  at   20oC 
and   sea  level  atmospheric  pressure,   so  con- 
stant   K   In  Eq.(22)   becomes   0.32578.      Using 
these   values,   the  relation  between   c   and   p 
results   in the dotted  line  In Pig.8.   Inclinations 
of   E   with  density   p     are   given  by the  following 
equati ons; 

1   3c 
E    3p 
1   3E_.   _ (25) 

Clausius  Mosotti 

Moasureü 
E 3p 

0.88 

0.73 

(210 

The inclination o 
Hosotti's equation is 
observed values. It 1 
is due to Y

=
1 in Eq.(2 

t.y is larger than that 
trie charges are overl 
It is conLidered that 
unity. Then,Eq.(21) 1 
Eq.(23) where Y IS not 
and K values are, resp 
0.3897. Y is found to 
unity. From Jiis, the 
p be-comes, 

1 + 0.99237 
c = 0.17686 

btai 
20f, 
SCO 

1). 
of 

appe 
Y ma 
eads 
uni 

ecti 
be 
rel 

P 
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ned from 
larger t 

nsldered 
Polyethy 
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y be smal 
to Eq.(2 

ty. Calc 
vely, 0.4 
much smal 
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Fquatio 
between 
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discuss 
functio 
tative 
pressur 
given b 
rather 

n(26) expresses the standard 
£ and temperature and press 

tics of low dens,ity polyethy 
er of density p . According 
ions, E of polyethylene is o 
n of density p . However, t 
expression of e as temperatu 
e characteristics is more co 
y Eq.(25), where Y is less t 
than by Clausius Mosotti's 

Clausius 
han that of 
that this 
lene densi- 
, so elec- 
ch other, 
ler than 
2) and 
ulated Y 
538 and 
ler than 
ween E and 

(26) 

relation 
ure char- 
lene as a 
to these 

nly a 
he quanti- 
re and/or 
rrectly 
han unity, 
equation. 

3.3.^   Cable Diameter Pressure 
Dependence    The 
and  insulator 

relation between capacitance 
permittivity is as follows; 

Ad2 
d. 

= ( 
AE AC\ ,  ,d2 N 

~)-ln(d7) 

where 
Ad? o 
chang 
condu 
fore, 
ureme 
chang 
suit, 
also 
direc 
forme 
by us 
pr 
the o 

it is assumed 
f outer conduct 
:e of insulator, 
ctor is indepen 
a change of ct2 

nt of capacitan 
e.  Figure 9 sh 
obtained by us 

shown, in which 
tly measured wl 
r. This result 
ing Eq.(27). A 
ure coefficient 
uter conductor 

that inner diamet 
or follows outer 
but outer dlamete 
.dent of pressure. 
can be obtained 

ce and permittivi 
ows the result. 
ing another metho 
the diameter' cha 

th a differential 
agrees with that 
ccording to these 
of the inner dia 

is as follows : 

(27) 

er change 
diameter 
rof inner 

There- 
by meas- 
ty 
The re- 
d, is 
nge i s 
trans- 
obtained 
results, 

neter of 
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cable 
lator 
becau 
hundr 
As po 
V Is 
lengt 
Is as 

-1 sAl 
ci2"'3P 

In case cable 
diameter. It 
changes only 

se Inner cond 
ed times larg 
lyethylene Is 
the volume of 
h, outer cond 
follows: 

1 AV 

1.6x10' (1/kg/em2) . (?8) 

length Is much longer than 
can be estimated that insu- 
in the direction of radius, 

uctor elastic modulous is a 
er than that of Insulator . 
considered as a fluid and 
cable insulator per unit 

uctor diameter change Ad2/d2 

Ads 
2 V {1 

^)2} 
(29) 

The dotted line in Fig. 9 shows the calculated 
value by using eq.(29), which agrees with the 
measured value. The dash dot line in Fig.9 
also shows calculated value with material 
dynamics. It is reasonable that polyethylene 
is considered as a fluid In investigating the 
deformation of PE due to hydrostatic pressure. 

3.3.5 Attenuation Pressure 
Characteristics    Attenuation characteris- 
tlcs of 38 mm coaxial cable 100 meters in 
length were measured at 5°C-10oC and 0 kg/cm - 
500 kg/cm2.  High precision measurement tech- 
niques are needed to obtain attenuation pres- 
sures dependence, because test piece attenu- 
ation is very low (0.2 aB at 5 MHz, O.56 dB at 
36 MHz).  Figure 3 sho/vs the measurement cir- 
cuit . 

Figure 10 shows attenuation pressure 
coefficient at 50C and 10oC. Attenuation pres- 
sure coefficient up to 36 MHz, which is little 
dependent on frequency, is 

(1/kg/cm2) i-M* (2-5 ± 0.2)xl0"5 
01 01 

(30) 

Attenuation deviation due to pressure is 
as follows: 

Aa fl A:. 1 Ap  , 
a  l2 e   2 p ~ ^ 

Li. 

ln(d2/di) + d! +d 

ln(dj/di) d, + ds d 

ar 
^ ~....i A   /A   ^ ' ^ ^d2

; di J ar f afe 

( IAE  Atan5 )_^  
v 2 e   tan 6 ;ar + ag  .      Kil' 

If AtaniS/tan6 is assumed to be zero, Eq.(32) 
and the dotted line in Fig.10 are obtained 
from Eq.(31), using the pressure characteris- 
tics of other parameters. 

I 3«= (2.23-  Cir 
•+1.0^- a- + a 

This calculated value is a little 
than the observed value. The att 
change difference between calcula 
served values seems to be caused 
sure characteristics of tan*. Th 
coefficient of tan<S is as follows 

1 3tan6 

)* 10"5 (32) 

(1/kg/cm2) 

smaller 
enuation 
ted and ob- 
by the pres- 
e pressure 

tan«    3P 3.6 xio"5    (l/kg/cm2)  .    (33) 

l.k     Aging Effect  on  Attenuation Constant 
under Hydrostatic   Pressure 

The  cable   (100 m  long)  were maintained 
at  5000-meter depth sea bottom temperature 
and pressure.     Temperature and pressure were 
measured as   ±0,01oC andi0.5 kg/cm2,   respctive- 

ly.Attenuation measuring  set  accuracy  was 
'0.1%.     Overall measurement  facility  accuracy 
made   it  possible  to  detect  a  changes   of  0.1% 
in a   frequency range  covering  from  5  MHz to 80 
MHz.     Measurements  have  been  taken  for  over 6 
months  and  no change  has  been  observed. 

On  the other hand,  an attenuation  change 
can  be  estimated  from the  changes  of  the  di- 
electric  constant  and  the dielectric   diameter, 
derived  from the phase  constant   change. 
Figure   11  presents  the dielectric  constant 
aging  change calculated with measured   ß™ and 
Eq.(l8).     The dielectric  constant  change  in- 
creases  linearly with  logt.      The  inclination 
is  expressed by: 

3(AC/E; 
31ogt •= 0.093 xlO (3M 

The  dielectric  constant  changes   0.0^01   under a 
pressure  of 500  kg/cm2   over a  period  of twenty 
years.(e  at a time after ten hours'compression 
Is  used  as a basis.)     Density  change   is  given 
by  the   following,   with  AE/E  ana  Eq.(25). 

Ap = 0.05'J xio-2 (35) 

As  the  outer conductor diameter   (dz)   may  fol- 
low  that  of the dielectric,   the  ds   change  is 
expressed as  follows: 

Ad; 
ds 

(d1/d2)2Ap 
(36) 

The  attenuation constant  change  is  obtained by 
putting AE/E  and Ap/p   into  the   first   term and 
the   second term In Eq.(31). 

O.O^xlO-2   (for 20 years, at 500 kg/err^ )     (37) Aa 
a 

Further,   dissipation  factor change  should be 
studied at high  frequency. 

3.5     Handling Effect   on Attenuation 

Attenuation change due  to  mechanical 
stress  in cable laying Is  called laying ef- 
fect.     It  is generally  determined by  actual 
cable  laying.     This  method,   however,   cannot 
always be successful because of the  Inherent 
uncertainties of the   laying route  data. 

The  handling effect,  which  may  be  a por- 
tion  of the  laying effect,   can be  easily  esti- 
mated.     It  seems  that  the  smaller the  handling 
effect   on the  cable  characteristics,   the 
smaller the  laying effect  becomes.     Three 
pieces   of  cable   (5  km  long),  were  transfered 
from  factory tanks  to  other tanks.     Measure- 
ments  of attenuation  constant,   capacitance, 
delay  and pulse  echo  were  performed before  and 
after  the  transfer   (i.e.   turnover). 

Table  2 presents  capacitance  and  delay 
changes.     No change  were  observed with  regard 
to  cables  #2 and  #3,   considering the  experi- 
mental  error. 

As  the results  of the  pulse  echo   test, 
seventeen echoses,  whose  value   lay  between  50 
dB to   60  dB,  were  observed  in cable  #1   before 
turnover,   and only  six  echoes  were  observed 
after  turnover.     Echoes  in cables   #2  and  #3, 
all  of which were  above  70  dB,   were  not  ob- 
served  to change. 

The  change  in  #1  cable  attenuation   is 
shown   in  Pig.12.   A  change  of about   0.07%  can 
be  seen  in the measured  frequency  range. 

The change can be caused by an elimina- 
tion of air gap between the outer conductor 
and   the   insulator,   because   the   cable   is 
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slightly tent, i ned during turnover and imped- 
anco Irregularl;lea are improved after turn- 
over.  ThereTore, the change In the outer 
conductor diameter of cable HI  becomes -0.026 
i   (i.e.-0.010 mm for 38 mm cable) calculated 
with changes in C and Too. 

Changes In equivalent dielectric constant 
and eqrivalont dissipation factor caused by 
air gap elimination are +0.05? and +0.0^%, 
respectively. As a result, the change in at- 
tenuation cm be estimated to be +0.05%   (1MHz- 
80 MHz). Considering the uncertainties of 
measured values (a, C and T«,), the calculated 
attenuation changes agree well with the meas- 
ured ones. The result can conclude that the 
elimination of air gap mainly causes the at- 
tenuation change. 

i).  Standard Cable Attenuation 
Characteristics 

The standard attenuation characteristics 
of 38 mm submarine coaxial cable at sea bottom 
Is given as the following equation from the 
results described above for the CS-36M system 
design. 

«o [ 1 + aTx(T-10) Vw + a* ] (38) 

where a: sea bottom cable attenuation 
at temperature T (0C) and 
depth D (meter) 
measured cable attenuation at 
10 0C and zero pressure 
temperature at sea bottom (0C) 
attenuation temperature coeffi- 
cient (1/0C) 
sea depth (meter) 

ap: attenuation pressure coeffi- 
cient (1/kg/cm2) 

aj,: laying effect on attenuation. 
The a„is given as Eq.(39) by considering the 
results of measurements of 70 pieces of cable 

( 

cto: 

T: 
aT; 

D: 

6  km long   ). 
cio   =  0.8529/f  +   (0.01013 + 0.0010/f)f 

where  f: frequency  in  MHz . 
Coefficients,   a 

and  (41),  respectively" 

(dB/km)       (39) 

T and a   ,   are given as Eqs.(40) 

{0.l5-0.o83(ioprij-)2 } x 0.01 

where 
,5x10 

f: 

(40) 
(41) 

frequency   In  MHz   (4MHz- 
36MHz) . 

Though no  sufficient  data have been obtained, 
a^ is  temporarily  determined as  0.2  %,  which 
is  about  three  times  of  that of handling ef- 
fect,   for designing an  ocean block equalizer. 

(1) Sum of repeater designed deviation and 
manufactured deviation. 

(2) Sum of cable designed  deviation and 
manufactured deviation. 

(3) Difference between  standard  temperature 
at  the sea bottom and the temperature of 
individual  cable  sections. 

(4) Difference between  standard  pressure  and 
the  pressure of individual  cable  sec- 
tions , 

(5) Error In measuring cable  length. 
(6) Error  in estimating the  temperature  and 

pressure  of individual  cable  sections. 
(7) Cable  laying effect. 

Misalignments based on items  from  (1)   to 
(4)   are  equalized by the fixed equalizer.     Total 
misalignment  to be equalized,   due  to  items 
from  (1)   to   (4),   is  ±3.6  dB  for one  ocean 
block  section  (120 km   )   at   36  MHz, 

Misalignments based on  items   from   (5)   to 
(7)  are equalized by the variable equalizer. 
Those deviations consist  of a combination of 
terms   /f and f.    Table  4  summarizes misalign- 
ments  to  be  equalized by  the  variable  equaliz- 
er  for one  ocean block  section at   36  MHz. 
Figure  13  presents misalignment  reduction  by 
the  ocean  block equalizer.     The  misalignment 
could be  reduced to within ±2 dB. 

6.     Conclusion 

The  effect  of the  ocean bottom environ- 
ment  on submarine coaxial transmission charac- 
teristics  was  investigated for the CS-36M sys- 
tem.     Cable  loss temperature coefficient 
decreases at high frequency and then becomes a 
negative  value over about  100 MHz.     Cable  loss 
pressure  coefficient  is approximately  constant, 
2 . 5xl0_5/kg/cm2,ln a frequency  range  of  4   MHz 
to   36    MHz.    Aging   effect  and handling  effect 
were  also  Investigated.     All of the  results 
investigated can provide  cable  transmission 
characteristics  at a typical  sea bottom  envir- 
onment . 
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5.     Sea Trial 

A sea trial was made in October 1973, 
on an approximately 450 km long link with 82 
repeaters Involved to confirm a new equaliza- 
tion technique.   The CS-36M system layout Is 
shown in Table 3. 

Ocean block equalizers (QBE) were 
designed to be inserted after every 20'th 
repeater in the CS-36M system to reduce 
misalignment to a tolerable limit. 

Misalignments to be equalized by OBE are 
as follow : 
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Table 1.    6 and ZpTemperatLiri-1 Coefficient:; 

Taiperature Coefficient (t/0C 

7 
-p 

-0.015 
-0.16 

+0.032 

+0.22 

Table '(,    Mlsall^yiment to be adjusted 
by an Ocean-block Ecjualizer1 

(at 36 MHz," 20' sectional 

Factor able joss-teviatlon k ite 

Table ?.. Clianre  In Capaclt.ance and IX'lay 

Error In cable length 

Uncertainty in ocean 

Cable 

alt er liar id line 

AC/C AT A 
a>      oo 

Uncertainty In ocean 
bottom depth 

n +0.039% +Ü.0101« 
Lay!iv effect 

«2 -0. OO'I -0.0005 

n -0.006 -0.0016 

/fpart f part 

11.ü 10.0^ + 0.2 kin 

11.23 ;o.69 ll.O °C 

10.02 0 ±20 m 

+1.21 +0.11 +0.2 % 

Table  3. The CS-36M System Layout 

System Length 

TransmlP'J'"n Band 

Capacity 

Total Noise 

Cable 

Repeater Spacing 

Power Feeding 

Water Depth 

Repeater Gain 

Equalization 

Fault Locating 

Maximum 6,700 kin 

Low      i).332 - 17.OO'I MHz 
High 22.796-35.168 MHz 

2,700 CH (telephone) 
or    900 CH (telephone) + 1 Color TV CH 

< IPW/km (relative level : 0 dB) 

38.1 iin (1.5") submarine coaxial 
cable 

5.31 km 

156 mA DC Constant Current 
±5,800  V Normal Voltage 

Maximum 8,000 m 

35 dB at 36 MHz 

An Ocean Block Equalizer after 
Every   20'th  Repeater 

Supervisory Tone Method 
(for Power Feeding) 
Cable Capacitance Measuring Method 
(for Non Power Feeding) 

Outer concrete 
(200 mm) 

1.0 

0.5 

3    0 

■o -0.5 
■o 

-1.0 

1.5. 

/ 
/ 

/ 
f 

/ f 
/ 

/ 

t 

(20«C) 

100    110       120     130       140 
1anS  (at 50MHz)   (xlO-6) 

Fig.I Effect of Change in tans' 
on Cable   Attenuation 

Thermal Insulator 
(lOOmm, polyurethane) 

Sea  water 
Inner   concrete 
(150mm) 
Brine tube (0.0.42.7,B 

I.D.35.7«>x34) 

High pressure tube 
ID. 100mm, 
0.0.154mm steel ) 

Water 

Cable under test 

Sealed   tank (steel) 

Thermometer (100 m) 

Fig.2-Cross section of artificial  ocean 
(length  100 m ) 
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Cabl« undarTest 

ATT 

S.L.M. 

Fig.3 Attenuation   measurement arrangement 
with Q method 
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Fig. 13      Misalignment   reduction 
by   QBE 
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RADIO FREQUENCY SHIELDING OF CABLES USING A PROTECTIVE AND CONDUCTIVE POLYMER 

Carroll H. Clatterbuck and John J. Park 

Goddard Space Flight Centerj Greenbelt, Maryland 

Electronic systems operating In the radio 
freouency (r.f.) environments normally require 
shielded cables, wherein a number of signal 
carrying Internal wires are electrically shield- 
ed by an outer braided conductive covering. 
The wires in the shielded cable interconnect 
with the posterior terminals of a multi-pinned 
connector and the shielding of the cable is con- 
nected in various ways to the metallic housing 
of the cable connector. By this process, the 
internal, electronic signal-carrying wires are 
protected from extraneous electromagnetic and 
r.f. signals. However, with this arrangement, 
there is a problem of providing total shielding 
in the area where the braided shield joins with 
the connector housing, since the metallic cable 
braid must be terminated above the connector to 
allow for the stripping of the wires, and the 
soldering of the wires to the connector pins. 
If this unprotected junction is not shielded by 
a conductive path, extraneous electromagnetic 
and radio freouency signals are picked up by 
the internal wires which will accentuate or 
neutralize the flow of normal electronic in- 
telligence through the wires, resulting in 
deterioration of signals or even malfunctions 
of electronic systems. To eliminate this effect, 
the shielding system of a cable harness must be 
continuous from the connector metal housing at 
one end to the connector metal housing at its 
other end. 

This shielding process being described 
provides total electrical protection at the 
junction between the cable shield and the con- 
nector housing, replacing the wire insulation 
which had previously been removed. It also 
provides the electrical continuity through an 
applied conductive coating between the con- 
nector metal housing and the metal shielding 
braid covering the wires, thus completing the 
grounding circuit. Finally, a protective coat- 
ing is cast around all of the conductive coat- 
ing, as well as the metallic braid end and con- 
nector housing to protect the system. This 
technioue allows frequent connecting and dis- 
connecting of the cable to be made safely with- 
out flexure breakdown. 

The particular need for such a system sur- 
faced when the experimenter asked for assistance. 
His original insulating technique used a low 
viscosity epoxy resin which was applied to one 
side of the row of wires going into a connector 
and then permitted to cure overnight; the next 
day this epoxy was coated on the other side and 
permitted to cure overnight. This procedure 
was not the best for a number of reasons: using 
a low viscosity resin resulted in little control 
of where the resin went, possibly coating the 
surfaces of the electrical contacts or possibly 
freezing the desired floating characteristics 
of the pins. The epoxy was covered with a 
metallic shield to complete the conductive path 
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The procedure took too much time, it was too 
bulky, it became too cumbersome, and It also 
required especially careful techniques. 

Mc-'t of the above problems could be 
alleviated by the selection of a thixotropic 
resin, one which was spreadable and non- 
sagging. The curing speed could be adjusted 

• by the addition of certain accelerators. 
Also, a luminescent material could be added to 
perm] i; observation of the resin for uncoated 
areas, and to help locate bubbles. 

The particular technique presented here 
was used in numerous instances for the eighth 
Interplanetary Monitoring Platform launched, 
the IMP-I(EYE). Tables I and II list those 
spacecraft components on which r.f, shielded 
cables were treated. 

TABLE I 

IMP-I-Scientific ar.d Engineering Experiment 

Contributing Experiment No.of Cables 
Organization  Title Discipline Shielded 

GSFC Cosmic Ray 
Energetic 
Particles 10 

Univ. 
Iowa 

of Low Energy 
Particles 

Medium 

Plasma 2 

Univ. of 
California 

Energy 
Particles Plasma 2 

GSFC Plasma Plasma 1 

GSFC 
Magnetic 
Fields 

AC Electric 

Fields 2 

Univ. 
Iowa 

of & Magnetic 
Fields 

TABLE II 

Fields 6 

Spacecraft Instrumentation 

No. of Cables 

Telemetry and Con 

Shie Ided 

mand 1 

Attitude Control System 6 

Electrical Power System 5 

Appli'-atioi Procedure 

The shielding process consists of four 
separate stages of application, namely: 

1, Cleailng 
2, insulating 
3, Shielding 
4, Protecting 

These various  stages will be   jriefly described 
and the complete details are in the attached 
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appendix. 

1. Prelnsulatlng Cleaning Procedure 

An Important first step Is a thorough 
cleaning of the cable connector system, con- 
nector housing, metallic braid and the wire 
elements, and this step will Improve total ad- 
hesion of the resin to all surfaces contacted. 
A light abrasion of the upper radius section 
of the connector metallic housing is recommend- 
ed for adhesion Improvement.  Completion of 
the abrasion is followed by an effective sol- 
vent cleaning. 

2. Connector Insulation Procedure 

The insulating material used Is a modified, 
thixotropic prepolymer composition which is 
filled with a thickening agent, making it 
highly viscous when prepared and applied-hy 
use of a trigger-action pressurized gun. 
The viscous resin will exhibit very little 
flow, regardless of the angle of the connector 
cable harness or the application angle. The 
insulation prepolymer resin contains the fol-- 
lowing ingredients: Polyester c'iisocyanate 
prepol/mer , Polyol curing ^ent^, Thlxo- 
tropic ^gent^, Accelerator , and fluorescent 
dyeB. 

The above insulating material is first 
prepared by the addition of the curing agent 
to the base resin and well blended.  The 
thixotropic agent, accelerator, and fluorescent 
dye are then blended Into the total mixture. 

The thixotropic agent is a finely sub- 
divided fused silica, which will increase the 
resin viscosity to prevent flow. The accele- 
rator increases cure speed for the prepolymer 
and it will shorten the curing time. In 
addition, the insulation includes an aromatic 
heterocyclic fluorescent dye to allow for the 
insulation material to be examined with a 
small hand operated ultraviolet light . After 
completion of the application of the insula- 
ting material, the ultraviolet lamp is used to 
determine whether or not pin holes, voids, 
air bubbles, or uicoated areas are present in 
the insulation. Any cefects observed at this 
time should be removed or filled as necessary 
before the insulation material cures. 

To remove the entrapped air from the mix- 
ing, the blended mixture is put into a high 
capacity vacuum chamber system, one capable of 
pulling a vacuum to about 1 Pascal (10~2 torr) 
or lower.  The formulated and degassed-mixture 
is carefully transferred into the dispensing 
gun cartridge. The resin mixture is then dis- 
pensed through the pressurized gun having a 
nozzle size of about 1.5 millimeter diameter 
(1/16 in) and 50 mm (2 in) long; these di- 
mensions are preferred but not limited.  The 
easily controlled trigger action pressurized 
gun is activated with approximately 4.9 k 
gms/ciTr(60 psl) of pure dry nitrogen (or any 
pure dry inert gas) to deliver the Insulation 
material to the posterior end of the connector 
cable assembly. The viscous thixotropic resin 

is applied in and around the connector pins and 
cable wires as shown in figure 1. Additional 

*Numerals indicate materials which will be 
identified in the appendix. 

Figure 1. The insulation layer around the 
connector pins and wires may be applied for 
a short distance (left) or for the total 
distance (right). 

material is directed such that it overlaps 
the cable metallic braid by approximately six 
millimeters (1/4 in), thus tying down the 
braid and stabilizing the braid's frayed ends. 

The non-sagging nature of this resin 
mixture causes it to remain and cure in the 
region where it is applied with very little 
subsequent flow, regardless of the angle of its 
application.  The foregoing ingredients, 
formulated, and cured as described, will 
achieve a tack-free touch within thirty hours 
and will provide a tough, semi-flexible solid 
Polyurethane material when cured. An over- 
night cure at ambient temperature is suffi- 
cient for the next step of the conductive 
coating application. This insulating material, 
as shown in figure 1, will provide excellent 
protection to the exposed connector pins and 
cable wires, as well as supporting and rigid- 
Izlng the connector cable system. 

3.  Connector R.F. Shielding Procedure 

The next step is to apply a conductive 
coating between the metallic outer shielding 
braid and the metal connector housing, as well 
as entirely enclosing the insulating material. 

The coating resin is filled with a fine 
silver powder that will exhibit a low resist- 
ance between the connector housing and metal- 
lic shielding braid when cured. I.e., 0,1 
ohms or less. The corductlve coating formu- 
lation contains the following ingredients: 
polyester diisocyanate prepolymer, polyol 
curing agent, and accelerator. This formu- 
lation is prepared and blended well to serve 
as a base resin, to which is added; silver 
powder^ and C.P. Hydrocarbon solvent . This 
particular formulation requires much blending 
and may take several minutes to prepare, based 
on small quantities.  The hydrocarbon solvent 
Is used to fluldlze the mixture, thus making 
the sliver powder easier to mix. 

When mixing Is completed, the conductive 
coating Is evenly brushed onto the eiitlre 
surface area of the Insulation resin by using 
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a small stiff nylon brush. Those areas of 
most importance for good adhesion are the upper 
and radius portion of the connector housing as 
well as the metallic shielding braid, as shown 
in Figure 2. 

Figure 2. The conductive coating is applied 
between the braid and the metal connector. 

It is important that the conductive coat- 
ing overlap the insulation resin onto the metal- 
lic braid by about 6 millimeters (1/4 in). 
The total thickness of the conductive coating 
should be about 0.8 millimeter (1/32 in).  If 
the conductive coating consistency decreases 
during the application because of evaporation 
of solvent, additional small amounts of sol- 
vent must be added. Finally, the conductive 
coating surface is uniformly smoothed out by 
the brushing and necessary small amounts of 
hydrocarbon solvent.  Electrical resistance at 
this time between connector and metallic braid 
will be high, approximately 0.5 to 1.0 ohm 
but will Improve to 0.1 ohm or less with resin 
cure. 

Complete cure of the under layers is not 
necessary before the second and third layers 
are applied. 

4.  Protective Outer Coating 

After the conductive coating has partially 
cured and the resistance of 0.1 ohms or less 
has been achieved, the final step of the process 
is performed.  This comprises the formation of 
an outer protective coating that encompasses 
a part of the connector housing and the newly 
applied conductive r.f. shielding.  It should 
overlap the metallic braid at least 1.5 milli- 
meters (about 1/16 in). The preferred method 
of forming the protective coating requires a 
mold to be made. This requires forming a 
jacket pattern from a wax^0 block, shaping it 
into a form that has the external general 
dimensions of the connector with insulation 
and the conductive coating. The wall thickness 
of the final coating will vary; however, approxi- 
mately 1 millimeter (0,04 in) additional on 
each side works well. 

The shaped wax block will next be encap- 
sulated with a molding silicone reslnll which 
cures around the wax pattern so that the con- 
figuration formed has the base and top of the 
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nate prepolymer, polyol curing agent, fl 
(Ti02-Rutile)13, and e celerator. It is 
recommended that a h-   >peed blender1 

wax block ekposed. An overnight cure at 
ambient temperature for the silicone is suffi- 
cient, and the wax block is reuoved the follow- 
ing day.  The mold is then gently fitting onto 
the connector and adjusted to be substantially 
uniformly spaced around the cable; Teflon tape 
is used circumferentially to provide both slit 
sealing of the mold and lateral pressure, thus 
preventing leakage at the connector base during 
the resin casting. 

The same base resin as used in the second 
and third application is also used for the 
final coating. The titanium dioxide is used 
as a white coloring agent for the final coat- 
ing. The ingredients are: polyester diisocya- 

filler 

is 
-peed biender^ be 

used for mixing becau  the filler material 
does not spread readily into the resin with 
normal spatula mixing. A vacuum degassing of 
the mixture is necessary to remove entrapped 
air. 

The resin formulation is then placed into 
a gun dispensing cartridge and injected into 
the mold cavity from the top side into the 
bottom of the lowest part of the slightly 
tilted mold. The mold must remain around the 
outer cavity until the resin has permanently 
set^ Usually an over-night cure is sufficient, 
then gentle removal of the mold and handling 
of the connector is permissable on a limited 
scale.  Full cure of these resins and the 
underneath composite layers will develop 
within five to seven days. The four steps 
of forming the various layers are shown in 
Figure 3. 

Figure 3. Steps In r.f. shielding: from left, 
uninsulated; with insulating layer; with 
conductive layer; with protective layer. 

The protective coating just described, 
as having been molded within a cavity, has 
another mean of being covered, i.e., by not 
using the silicone mold.  By adding a second 
filler, such as Cab-O-Sll, to the formulation 
to thicken the mixture, it can be applied by 
spatula or brushing.  If this method is used, 
there would be less likelihood of obtaining 
a uniform symmetrical shape, nor having 
smooth surfaces, nor the aesthetic appearance 
of the above, Thi? material also cures tack- 
free and produces an opaque whitish poly- 
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urethane polymer coating. To Illustrate the 
various layers, a cross sectional drawing is 
shown  In Figure  4. 

CONDUCTIVE 
COATING 

INSULATING 
MATERIAL 

CONNECTOR 
HOUSING 

CONNECTOR 
PINS 

Figure 4.   Cross-section drawing of  the 
completed r.f.   shielded cable. 

Results 

The IMP-I spacecraft was launched March 
1971 Into high apogee orbit to perform detailed 
and essentially continuous, studies of the 
interplanetary environment. The specific 
objectives were to assist in providing capa- 
bility to predict solar flares; to expand the 
total knowledge of the relacionshipö between 
sun, earth, and moon, by observation of the 
cis-lunar environment concurrent with studies 
of the magnetic field characteristics; and to 
explore the magnetosphere near the earth and 
into near Interplanetary space. 

Prior to launch and In the test phases, 
radio frequency radiated susceptibility tests 
were performed on the components and on the 
spacecraft in accordance with Marshall Space 
Flight Center Specification - 279. Speci- 
fication 279 required that the vehicle sub- 
system be tested individually, and while 
operating on full power. Finally, the assem- 
bled vehicle was tested with each subsystem 
being energized one at a time until all sub- 
systems were operating. The response of each 
subsystem as determined by the susceptibility 
data review, should not be affected by r.f, 
radiated Interference. Any Indications of de- 
gradation or malfunction caused by energiza- 
tion or by operation of another subsystem 
required shielding protection and had to be 
fixed. 

The signal source output levels, antennae 
and frequency ranges used during the testing 
are presented In Table III 

Table III 

Frequency Range Antenna 

0.15 to 25 MHZ  41 In.rod 
25  to 35 MHZ  35 megacycle 

dlpole 

35  to  1000 MHZ       Tuned dlpole 

Output Level 

5 watts 
+30DBM 

+30DBM 

on flight units after all cables had been treat- 
ed and installed In the experlmentt;. 

In addition to the successful operation 
of the IMP-I, the contractor for the following 
IMP (H&J) has also utl'lzed this procedure 
successfully and has t eated approximately as 
many cables as for IMF -I on each. Both the 
IMP H&J have also had successful flights and 
are still operating, a further Indication of 
the versatility and reallabllity of the process. 

A more recent use of this procedure has 
been with the ATS-6 spacecraft.  In addition, 
the IUE and the ISEE spacecraft are presently 
using this technique In a number of Instances. 

Summary 

This customized process which readily lends 
Itself for r.f. shielding of cables, has been 
discussed, consisting of four distinct stages 
In Its application.  The processing time will 
Invariably decrease significantly with experi- 
ence and familiarity with each step in the 
operation of this shielding method. A most 
Important advantage of this process Is that it 
is less costly to Implement than fabricating 
expensive metallic molds. 

The r.f. shielded connector process doe;? 
provide a supportive seml-flexlble connector 
structure, while complete shielding is thereby 
obtained to ground unwanted r.f. signals. In 
addition, the angles of approach of the cable 
to the connector becomes of little Importance 
since the process permits shielding connectors 
with cables approaching the connector at even 
90 angles. 

In the critical area of the exposed con- 
nector pins and wires, one can thoroughly 
examine this crucial area where large entrapped 
air bubbles could cause serious corona prob- 
lems, when used In an extreme environment such 
as the vacuum of space. We have never experi- 
enced any problem with this process since most 
of our work has been used In low voltage sys- 
tems. This procedure Is not recommended for 
any high voltage applications. One Important 
feature of this r.f. shielding procedure Is 
that the work can be performed on the labora- 
tory bench or In situ In cases where the hard- 
ware Is not available for the laboratory or Is 
too large to be moved. 

Another Important asset of this procedure 
Is that the Initial Insulating resin cannot 
flow into the connector and thereby reduce con- 
nector designed tolerances, such that the cured 
resin allows the pins of the female connector 
structure to remain free floating and mating of 
the connectors Is not inhibited.  It should 
also be noted that all process stages of this 
r.f. shielding use the same prepolymer resin 
and curing agent and are therefore compatible, 
thus providing the maximum of adhesion between 
each composite layer formed.  In the specializ- 
ed area of space flight use, this particular 
method Is especially useful In that the unusual 
characteristic of low outgasslng In vacuum Is 
achieved with this system. 

The final series of tests were performed 
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APPENDIX 

Detailed Procedure for Cleaning, Insulating, 
Shielding, and Final Coating of Exposed Wires 
In Cable Connectors, 

This process applies to connector-cable 
assemblies and specifically to that area or 
gap between the shielded cable and the metal- 
lic connector housing, wherein the wire termi- 
nals fan out from the cable to where they are 
soldered to the connector pins, and 1n which 
region no provision is normally made for r.f. 
protaction.  The total technique for each pro- 
cess Involves four major separate operations 
which are indicated below. Some of these 
operations are common to all connector appli- 
cation, 

1, Cleaning 

The first step Involves thorough cleaning 
of the cable connector system, connector hous- 
ing, metallic braid and the wire elements. 
These procedures are very important and will 
Improve total adhesion of the resin to all 
surfaces contacted.  It is recommended that 
the cable connector metallic housing be lightly 
abraded on its upper and radius section with a 
320 grit aluminum oxide paper.  The shielding 
braid should be similarly treated. Completion 
of the abrasion is followed by an effective 
solvent cleaning to remove impurities from the 
braid and connector housing.  In addition, the 
Insulated wires, exposed metallic wires, and 
connector pins are also solvent cleaned.  The 
use of cotton fabric, lightly dampened with 
C,P, Ethyl Alcohol, works well as a cleaning 
techninue; however, the cotton fabric should 
be thoroughly cleansed of residual oils by 
alcohol/chloroform soxhlet extraction before 
use. Operators should use nylon or cotton 
gloves for handling cable connectors during 
this entire r,f, shielding procedure. 

2,  Insulation 

The second step consists of building up, 
rlgidizlng and Insulating the individual wires 
as they emerge from the metal braid sleeving 
and fan out to connect to the Individual ter- 
minals on the connector. The material used is 
a Cab-0-Sll modified, thixotropic prepolymer 
resin system, i,e,, grease-like in consistency, 
and highly viscous when prepared. The resin 
is applied via pressurized gun with very 
little subsequent resin flow, no matter what 
the angle of application or base support. 
The formulation, after cure, becomes a flexi- 
ble, fluorescent, solid polyurethane, having 
very low outgassing in a vacuum environment at 
125 C for 24 hours and a vacuum of lO"^ Pascal. 
It will be called Insulation Material. 

Insulating Material Formulation 

Sollthane S-113     30.0 gms 
Solithane C-113-300 21.9 gms 
Cab-O-Sil MS-5      4.0 gms 
Dibutyl Tin Dllaurate 0.05 gms 
Vyac Lumlnescer 174  0.05 gms 

A. The above formulation Is based on quanti- 
ties of resin needed for several connectors 
and niay be increased proportionately as neces- 
sary if many connectors are being prepared. 
B. Weigh out 30.0 gms of fresh (from an un- 
opened can and less than three months old) 
Solithane S-113, and 21.9 gms of solithane 
cataly&t C-113-300 into a 250 cc glass beaker. 
Blend thoroughly with a stainless steel spatula 
or stirrer. 
C. Weigh out, and add to the above the remain- 
ing ingredients, 4.0 gms of dried Cab-O-Sil 
(the Cab-O-Sil must have been previously pre- 
heated at 150OC for 4-i hours in a clean shallow 
pan to remove moisture) - 0.05 gms of Vyac 
Lumlnescer 174, - 0.05 gms of dibutyl tin 
dllaurate, and bl°nd thoroughly. 
D. Place the prepared blend in a vacuum 
chamber at 1 Pascal or lover for 10 minutes to 
remove occluded air.  During this period, the 
chamber pressure should be cycled from 1 Pascal 
to atmospheric several times ('bumped') to 
facilitate air elimination. 
E. Remove the blend from the chamber and 
gently transfer via spatula to the pressure 
gun dispenser cartridge, being extremely care- 
ful not to entrap air bubbles.  The loaded 
cartridge is then placed back into the chamber 
and again deaereated for 10 minutes. 
F. The gun dispenser is   then locked and 
pressurized to 4.9k gms/cnr of nitrogen.  The 
viscous thixotropic resin is applied in and 
around the insulated cable wires and connector 
pins by the easily controlled trigger action 
application gun. Additional material is 
directed so that it overlaps the braided r,f, 
shielding, by approxinutely 6 millimeters, 
thus stabilizing the braid's frayed edges. 
G. Upon completion of Step F, it is important 
that the resin be Inspected for air bubbles, 
uncoated areas, and yir)  holes.  These defects 
are easily observed with an ultraviolet lamp 
and should be corrected at this time by re- 
moving or adding resin as needed. The dye 
fluoresces a light blue-green color when 
activated by a 355 nanometers excitation 
source. 
H. The resin is then allowed to cure at room 
temperature overnight and the surface should 
be almost tack free, before applying the later 
described conductive coating. 

3. Conductive Coating 

The third application or conductive coat- 
ing is applied to completely cover the in- 
sulating material and make an adhering con- 
ductive contact with the metal braid and metal 
connector housing.  This coating is a silver 
filled polyurethane resin type exhibiting 
approximately 0.1 ohm or better resistance 
between the connector housing and the metallic 
braid covering when fully cured. 

Resin Formulation for Conductive Coating 

Solithane S-113 30.0 gms 
Solithane C-113-300 21.9 gms 
Dibutyl Tin Dllaurate   0.05 gms 
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Conductive Coating 

Resin Formulation 
as prepared above 3.0 gms 

Hexane 1.5 gms 
Silflake 135 16.0 gms 

A. Prepare the bulk resin formulation, In a 
glass beaker and bland well with a stainless 
steel spatula or stlrrer. 

B. Add Silflake 135 slowly to the required 
small amount of resin formulation In a glass 
beaker, with Intermittent Hexane addition. 
Blend well by hand stirring until all the Sil- 
flake has been added. This conductive coating 
mixture reaulres a lot of blending and may 
take three to five minutes to prepare using the 
above amounts, 
Hexane is used to fluldlze the mix and is 

both volatile and inflammable. Work should be 
done under a hood preferably. 
C. Do not vacuum evacuate this blend as it 
will remove all of the volatile solvent, 
causing the conductive coating to become too 
dry for brushing onto the insulation base coat. 
If brushing consistency decreases during the 
application, due to loss of solvent by evapo- 
ration, a few drops of additional Hexane should 
be added. 
D. The conductive resin system is brushed 
onto the entire surface of the Insulating 
material.  It is also most Important to coat 
the upper and radius portion of the metal con- 
nector housing as well as the metallic braid 
end. The conductive resin should overlap the 
Insulating material onto the metallic braid by 
approximately 6 millimeters. The total resist- 
ance of the conductor coating should be approxi- 
mately 0,5 to 1.0 ohm or less and will improve 
with resin cure.  If higher resistance exists 
a.rter several hours, rebrush the surface with 
additional well blended conductive coating, 
working the resin Into the metal parts, yet 
applying the least amount necessary for ob- 
taining a lower resistance. The brush should 
be a small nylon type of excellent quality, 
and trimmed down to 3 millimeters; this modifi- 
cation will allow the application of a fairly 
smooth coating and no loss of brush hair. The 
surface can be uniformly smoothed out by quick- 
ly dipping the brush in hexane, flicking off 
the excess, and gently going over the surface. 
Upon completing the application of the con- 
ductive coating, a 6-hour ambient temperature 
cure is sufficient for handling and the addi- 
tion of the final protective coating. 

4. Protective Outer Coating 

The outermost protective coating resin is 
cast in a mold encompassing the connector, the 
newly applied conductive r.f. shielding, and 
the metallic braid. Upon cure, the mold Is 
removed, leaving a tough encapsulated per- 
manent r.f. shielded system which can be hand- 
led and flexed without fear of protection loss. 
The material cures tack free depending on time, 
temperature, and formula to an opaque, flexible, 
whitish polyurethane polymer. Tack-free cure 
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time for the protective coating is overnight 
at ambient temperature.  Five to seven days 
are required for complete cure at room temper- 
ature. 

Resin Formulation 

Solithane S-113 
Sollthane C-ll3-300 
Titanium Dioxide 
Dibutyl Tin Dilaurate 

30.0 gms 
21.9 gms 
0.26 gms 
0.025 gms 

A. A connector pattern is made by smoothly 
shaping a wax block to the contours desired. 
The cavity Is so designed at its base that 
it provides a fitted circumferential counter- 
sunk recess into which the rectangular con- 
nector mounting tabs and side walls of the 
connector mounting plate can be later tightly 
accommodated. This prevents leakage during 
the jacket casting operation. An RTV sillcone 
resin, Dow Corning 589 with l0%-589 catalyst, 
Is then cast and cured around the wax pattern 
so that the above configuration is formed at 
the pattern base. The mold wall should be 
about 12 millimeters thick. The mold Is then 
allowed to cure at ambient temperature over 
night, 
B. Carefully slit the mold vertically on one 
side of its longest rectangular surface so 
that is can be later gently opened, fitted 
around the cable and lowered around the con- 
nector to be protected.  If elevated temper- 
ature cure Is desired, It is recommended that, 
prior to fitting the mold onto the connector, 
an acrylic barrier coating be applied to the 
mold cavity. This is easily done by spraying 
the inner cavity surface. Allow the spray 
coating to air dry for 15 minutes followed 
by an elevated temperature cure at 75 to 100 c 
for 15 minutes. Teflon tape is then applied 
circumferentially to the mold to provide both 
slit sealing and the lateral pressurization 
which prevents leakage of the casting resin, 
C. Using the same dispensing gun, the above 
prepared resin, previously outgassed for 6-8 
minutes at 1 Pascal or lower, Is injected Into 
the sillcone mold cavity until it Is filled. 
This level is normally 2 millimeters above 
the conductive coating on the metallic braid. 
To avoid entrapped air during the process the 
mold is tilted a few degrees and the resin 
Injected at the bottom of the lowest part of 
the cavity. The mold is then leveled when the 
resin reaches the cable braid region. 
D. The mold must remain around the outer 
coating until partially cured, usually over 
night at ambient temperature. The mold can 
then be gently removed and handling of the 
cable connector Is permissable. Full cure will 
develop In five to seven days.  If a faster 
total cure is desired, the entire connector 
cable assembly may be heated to 70oC for 24 
hours. 

A patent has been granted to Mr. Aaron 
Fisher and Mr. Carroll Clatterbuck of NASA 
for r.f. shielding cable-connectors (Patent 
No. 3,744,128). Mr. Fisher, now retired, was 
very deeply Involved with the original work. 
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MATERIALS SOURCE LIST 

1. Resin Dispenser Gun      Kenics Corp. 
Model 102, 20cc capacity  Wakefleld, Mass. 
cartridge 

2. Sollthane S-113 

3. Sollthane C-113-300 
catalyst 

4. Cab-o-Sll, MS-5 

5. Dlbutyl Tin Dilaurate 
(T-12) 

f. Vyac lutnlnescer 174 

7. Ultra-Violet lamp 
UVSL-25 

8. Sllflake 135 

9. Hexane (Fisher 
Certified) 

10. Paraffin 

11. RTV Sillcone 589 

12. Acrylic Barrier Coat, 
Aerosol spray, type II 

13. Titanium Dioxide 
Rutile R-960 

14. Brookfield Mixer 
Model L-2789 

Thiokol Chem. 
Co. Trenton, 
New Jersey 

Thiokol Chem. 
Co. Trenton, 
New Jersey 

Cf.bot Corp. 
Boston, Mass. 

General Elec. 
Co. Waterford, 
New York 

American 
Cyanamide, Bound 
Brook, New 
Jersey 

Ultra Violet 
Products 
San Gabriel, 
California 

Handy and Harman 
New York, New 
York 

Fisher Seien. 
Co. Plttsburg, 
Penna. 

Local 

Dow Corning 
Corp. Midland, 
Michigan 

Cosden Chem.Co, 

Beverly, N.J. 

Dupont 
Wilmington, 
Delaware 

Brookfield 
Engineering 
Laboratory, 
Stoaghton, 
Mass. 

Carroll H. Clatterbuck has been with the 
Goddard Space Flight Center's Materials Engi- 
neering Branch for twelve years, where his work 
has been directed toward polymeric development 
and application.    Prior to his government career 
he  spent eight years  in private  industry, work- 
ing with materials research and development in 
ceramics and coatings. 

John J. Park, bom in Atchlson, Kansas, 
earned a B.S.  in chemistry at St.  Benedict's 
College,  an M.S.   in chemistry at Catholic 
University,  and a Ph.D.   in chemical  Engineer- 
ing at the University of Marland.    After 11 
years at the National  Bureau of Standards, he 
transferred to the Goddard Space Flight Center 
in 1963, where he is now Head of  the Chemistry 
and Physics Section of  the Materials  Engineer- 
ing Branch. 
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WELDED   POLYETHYLENE   SPLICE   CLOSURES 

A  RELIABLE ALTERNATIVE 

By 

Daniel F. Gill 
Siemens Corporation 

Introduction 

In recent years, polyethylene 
sheathed communications cables have become 
the industry standard for rapidly growing 
communications networks.  Although such cables 
are outstanding for their transmission charac- 
teristics, their installation can present 
problems.  These problems occur when it be- 
comes necessary to join polyethylene sheathed 
cables to plastic or metal accessories at the 
installation site.  Similar problems can oc- 
cur when joining two polyethylene cables to 
each other and trying to maintain water and 
air tight integrity.  The reliable joining of 
these materials is made difficult because of 
the unwetability of polyethylene, a basically 
non-polar substance.  Thus a new method had 
to be developed which would not only satisfy 
the above requirements buc would also meet 
the following objectives. 

Requirements 

The jointing method and sleeve 
technique that we chose for polyethylene 
sheathed cables meets a number of specific 
requirements.  Fig. 1 

Economic.  Decrease substantially 
existing material costs. 

Decrease inventory costs. 
Increase productivity. 

Application, 
and aerial plant. 

Buried, underground 

Reliability.  Maintain watertight- 
ness under extreme physical and climatic con- 
ditions.  Pressurized and non-pressurized ap- 
plications . 

Flexibility.  Easy adaption to ex- 
isting and expanding polyethylene and metal 
plant. 

Installation.  Produce extremely 
reliable closures with shorter installation 
times.  Maintain ability to reopen and retro- 
fit to existing uncut cables. 

In addition to the above require- 
ments, the objective of a new sleeve tech- 
nique was to considerably reduce the number 
of deflects which occur when conventional 

lead,fiberglass, metal and plastic sleeves are 
used.  Since in many applications, both in- 
side and outside plant, the surface of the 
sleeves are not accessible from all sides, 
this design was chosen to allow convenient 
handling. 

To fulfill these tasks, a new sleeve 
was developed which used the sheath material, 
i.e. polyethylene, welded together to form a 
homogeneous installation for cable distribu- 
tion networks. 

Constructional Design 

The individual parts of the sleeve 
are shown in Fig. 2. 

Fig.   2. 

The cables  to be  joined  are  connect- 
ed  to   the   sleeve  heads  and   these  are   linked   to 
the   sleeve   tube.      In  the majority of  cases, 
the   sleeve   tube   is  provided with  a   longitudi- 
nal   slit   to offer  the  possibility  of   reopen- 
ing  the   sleeve   later on.     The  supporting   shell 
is  used   for  taking  up  the  pressure  during   the 
welding  process. 

The method we  employ  for welding  the 
polyethylene   sleeves   together  using  Joule's 
heat   is  depicted   in Fig.   3. 
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Fig. 3 Temperature as a function of position 
and time in welding polyethylene with a 
program device 

Various manufactures have investiga- 
ted the possibility of welding PE with the 
heat source lying at the external surface of 
the sleeve.  Since the temperature cannot be 
controlled reliably enough with this arrange- 
ment, it is impossible to avoid faulty weld- 
ing spots.  We chose to place the heat source 
between the parts to be joined. 

The low density polyethylene used 
for our sleeves with ad mixtures of carbon 
black to protect against aging by light and 
polyiosbutylene to prevent environmental 
stress cracking has a softening temperature of 
about 212 F (95 C) and an optimum welding 
temperature of about 3560F {180oC).  Fig 3 
shows the temperature in the welding seam as 
a function of time and material density. 

It can be seen that the optimum 
welding temperature is reached directly at the 
jointing areas. Moreover, from the behavior 
of the temperature in the welding zone, it can 
be seen that the softening temperature is only 
slightly exceeded 2mm away from the heating 
element.  This means that polyethylene parts 
can be welded beginning with a minimum wall 
thickness of 2nun and extremely favorable re- 
sults. 

The heating source for welding is a 
heating tape of meander shaped, polyethylene 
coated, enameled copper wire embedded between 
polyethylene foils (Fig. 4A) .  The distance 
between two windings has been chosen in such 
a manner that the entire zone is homogeneously 
fused around the current carrying conductor 
during the heating process.  The fusing zone, 
the so called welding ellipse can be clearly 
recognized in Fig. 4B.  The width of the heat- 
ing tape has been fixed so that the strength 
of the welded seam is greater than that of the 
PE itself.  The resistance of the filament has 
been adapted to the constructional design of 
the heating tape and the heating energy re- 

quired in the welding zone.  The energy re- 
quired is essentially dependant on the ambient 
temperature.  For instance, if a given con- 
stand current is used, the welding time must 
be adapted to the ambient temperature.  The 
welding time required for ambient temperatures 
between 320F and 1220F {0oC  and + 500C) lie 
between 10 and 4 minutes.  A 12v storage bat- 
tery with an 84oh charge would be sufficient 
for welding 5 sleeves. 

mmmm i 
Fig. 4A Heating Tape 

Fig. 4B Micrograph of a section through a 
welding seam coupling three polyethylene 
bodies 

The welding control device, shown 
in Fig. 5 is circuited between the energy 
source and the heating tape.  The lid of the 
PE welding control device holds the time 
switch and the supervisory circuits, while the 
current regulating circuits are within the 
box.  The device meets the shake and impact 
tests in accordance with the Spec. IEC-50 used 
for equipment of the German Federal Post and 
Railroads. 

•# 
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Fig. 5.  Schematic of welding device 
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The   welding   control   device   switches 
the  current   in  definite   staqes   so   that   the 
temperature   in   the welding   zone   remains  con- 
stant   during   the  welding   time.     Depending   on 
the   ambient   temperature,    the   duration  of 
these   current    phases   are   switched   automati- 
cally.     The  device   also  contains  alarms   for 
open or   short  circuit  operation  and  also  over 
current   or under  current   supply. 

In   addition   to   the   correct  tempera- 
ture,    the welding  operation   also   requires   the 
correct   pressure.     A pressure  of     14   lbs/sq. 
in.   guarantees   perfect   fusion  of  the welding 
zones.      This   is  done  with   the   tools  depicted 
in  Fig.   6. 

Fig. 6. 

Reinforced rubber tapes are used 
for supplying the required pressure at the 
transition points between the cable and the 
sleeve head.  The welding pressure between 
the sleeve cylinder and the sleeve heads, as 
well as at the longitudinal seam of the 
sleeve cylinder, is supplied by a tension 
plate and clamps.  These simple tools have 
been designed to produce the required press- 
ure without the use of elaborate measurements. 

The combined spreading and temper- 
ing mandrel is used for adapting the sleeve 
head to the cable diameter and inserting the 
heating tape into the sleeve head cone.  The 
installation of the heating tape is accom- 
plished by applying current to the wires of 
the tape for 1/J the welding time, (position 
"tempering" on welding controller).  This 
operation insures the heating tape remains in 
a fixed position when the sleeve head is 
slipped over the cable head. 

Sleeve Installation. 

Fig. 7 shows the installation pro- 

The heating tapes on the circular 
seams of the sleeves arc already tempered on 
during manufactute.  The heating tapes for 
the circular seams of the cable are installed 
in the cones of the sleeve heads, as described 
above, and the sleeve heads then slipped over 
the cable. 

Next, perform the wire splicing and 
sheath bonding operations and wrap with joint 
insulation per local requirements.  The weld- 
ing process may then be carried out by fas- 
tening the cable in the manhole.  Before 
welding, the sleeve heads are positioned by 
snapping the central support shell in place; 
then placing the sleeve cylinder between the 
stops on the sleeve heads and installing the 
pressure tools.  Welding is then carried out 
in the following sequence: circular seams of 
the sleeves, circular seams of the cable, 
longitudinal seam of sleeve.  in each case, 
the heating tape is left in the seam after 
welding should it become necessary to reopen 
the sleeve.  If a sleeve must be reopened for 
repair or to add a new cable, it is only 
necessary to connect the welding controller 
to the ends of the heating tape and select 
the tempering mode.  After the seams of the 
sleeve have become soft, the cylinder can be 
removed without being destroyed.  After the 
necessary work has been accomplished, the 
sleeve can be closed again by inserting new 
heating tapes in the guides provided and re- 
peating the welding process. 

Fig. 7  Polyethylene distribution sleeve 
with attached welding control unit 

Sleeve Tests 

Before this new sleeve technique was 
released for general use, it was tested with 
several methods. 
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a. Longitudinal   Stress.     The   test- 
ing  of  the welded  seams   as   to   tf.isile  and 
shearing  strength  revealed   that   the   values 
measured  on   the  welded   seam were  equal  or 
greater  than  those  of   the   virgin  polyethy- 
lene.     Typical   values  of   tensile   strength  ex- 
ceed  1,000   lbs. 

b. Internal   Pressure  Test.     Com- 
pleted sleeves  with  a  diameter  of  7.7/8"   or 
3-1/8"   (200mm or  80mm)   will  burst when  sub-- 
jected  to   internal  pressures  between  85  and 
145   lbs/sq.   in.    (6   to   10   atm).      In  every 
case,   the bursting  point  occured   far off  the 
welded seam.     The bursting  pressure   is  a 
function of  the   longitudinal   cross   section  of 
the   sleeve.     In   the  case  of bending   tests 
with  connected  cables  and   impact   tests  on 
sleeves which were  pressurized with  71   lbs/ 
sq.   in.    (5   atm)   the  sleeves   remained   tight. 

c. Temperature  Aging.     Under  a 
pressure  of   10   lbs/sq.   in.    (7   atm)   the 
sleeves have been  put   through  over  100  tem- 
perature  cycles   from  -40F   (-40C)   to  +  140F 
(+60C)   without   leakage. 

(ESC) 
d. 

Test. 
Environmental Stress Cracking 
Samples were taken from welded 

and non-welded parts of the sleeve and sub- 
jected to an ESC test.  In addition, the en- 
tire sleeves were laid in a test fluid.  The 
test method was the same as that carried out 
on cable sheaths and has indicated faultless 
performance. 

The sleeve heads are cut to the cor- 
rect diameter, slit and slipped over the 
cable.  Then the usual splicing work is car- 
ried out.  In order to close the longitudi- 
nal slip, a heating tape, prepared for this 
purpose, is inserted into the slit and weld- 
ed in the previous manner.  The only differ- 
ence being the pressure clamping device. 
Once this operation is completed, the sleeve 
is closed as previously described. 

f.  Jointing of Metal Sheaths to PE 
Sheaths.  Adapters shown in Fig. 8 have been 
developed for jointing metal sheaths to PE 
sheaths.  They consist of a combination of 
copper cylinders and bonded PE cones.  Metal 
sleeves can be jointed to the copper tube by 
means of wiped joints; PE sheaths are welded 
into the PE cones with heating tapes as 
shown before. 

The jointing problem between PE cone 
and metal cylinder was solved as follows: 
The surface of the PE is oxidized with inor- 
ganic acid so that bonding is possible.  In 
this way the PE cone can be jointed to the 
metal cylinder with the aid of a two-compo- 
nent adhesive on an epoxy resin base.  When 
tensile tests were carried out in the tem- 
perature range between -4 and + 1220F (-20 
and + 50oC) this joint proved to be so ex- 
cellent that cracks only occurred in the 
polyethylene but never between metal and PE 
in spite of th^ different expansion coeffi- 
cients of both. 

e.  Branching-off Distribution. Fig. 
7A shows an example of the "Dedicated Outside 
Plant System" which is the preferred local 
network in the United States.  The main feed- 
er cables run from the central office to 
control points.  At these points, the lines 
are branched off as "branch feeder cables" 
which, at access points, branch off again in 
"distribution cables".  In these cables-at 
points marked "D"-distribution sleeves must 
be provided where subscriber cables are to be 
branched off.  Here only the pairs for these 
subscribers must be cut, while the others re- 
main intact.  The PE welding sleeve method 
can be used for this purpose also. 

CtHIMt SfHCI        ' 

Fl CSHIl  *«.l..? 

LI I I I l 

»Wffl f; v.' .1      M.llll UVJ>T caMv 

b    IliaiKli n. I.r «W 
) .■     [•»..■ni-unon .MM,- 

n   n.mibulion itoc 
Fig.   7A     Structure .of  an American  local 
network  according  to   the   "dedicated  plant" 
system. 

Fig.   8    Adapter  for inserting d  jjolyethylene- 
sheathed cable  into a  lead  sleeve 

g.     Constructional  Design of  Sleeves 
and Adapters.     In conclusion  a   summary  shall 
be  given  showing how the  requirements   for  a 
universal   application of  the  PE  welding 
sleeves were  met,   using  as  small  a   type 
spectrum as  possible.    Fig.   9  shows  the 
sleeve  spectrum used  in  the method  described. 

The  combined  jointing  and  branch-off 
sleeves have   sleeve heads  each  of  them with 
2 connecting cones.     They encompass the 
following   ranges  if  a  26 AWG   (0.4mm)   Caole 
is  used: 
Diameter SI eeve 
(in.) (mm) 

3-1/8 80 
1-3/4 120 
5-7/8 150 
7-7/8 200 

Sleeve Capacity 
(number of   p.iirs) 

5...   200 
50...   500 

100...1000 
200...2000 
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be  combined,   e.g.   a head of the  sleeve  type 
80  or of  the  type  80 T   (80 T  =  pot  sleeve) 
mny be  connected  to  the  cone of  a  sleeve 
typo   150  or   200.     In  this way   a  very  large 
number of branching-off  possibilities are 
given. 

A 5-stage spectrum of the adapters 
described above is available (Fig. 8). The 
external diameter of the copper tube varies 
from 1-1/8" to 3-1/2" (30 to 90 mm) so that 
all diameters of cables with metallic sheath 
are  covered. 

Summary.   It  ha ■  been  shown how  the  develop- 
ment of  a   sleeve  joint   for cables with PE 
sheaths  using  the  sheath material  for  joint- 
ing was carried out using the electro-weld- 
ing process.     The new technique promises  to 
meet   in  every  case  the  rough  requirements 
of practical  operation.     All  variations 
necessary  for  universal  application of these 
sleeves   for  conduit  cables  as well   as buried 
and aerial  cables have been taken into ac- 
count  in the  constructional design. 

By exact observation of the wont- 
ing process  prescribed  for this new techni- 
que the  splicer  is able to work without 
previous  special training.    Over the  last 
few years more  than 200,000 sleaves have 
been installed,   in all applications,   under 
the most  extreme climacic conditions with 
results never  achieved before  utilizing 
previous methods. 

References. 

Fig.   9 

The sleeve heads can at option be 
provided with valves so that compressed air 
tents or feeding of compressed air can be 
accomplished.  Furthermore, a jointing 
sleeve with a diameter of 2" (50mm) is avail- 
able for jointing cables with 5 to 100 pairs 
of the same 26 AWG standard. 

A special sleeve type which is 
particularly suitable for installation in 
places which are inconvenient to reach and 
tor thin flexible cables, is the pot sleeve. 
Only one sleeve head with 4 connecting 
cones is used in this method.  The seal is 
made by welding the hood to the head. 

The various sleeve heads may also 
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DESIGN CONSIDERATIONS, CHEMISTRY AND 
PERFORMANCE OF A REENTERABLE POLYURETHANE 

ENCAPSULANT 

by 

Melvin Brauer   - N L  Industries 
R.   Sabia  -  Bell  Telephone Laboratories 

ABSTRACT 

Encapsulants are 
surized distribution 
electrical properties 
the presence of wa'.er 
grease-like materials 
as splice encapsulant 
comings. A reenterab 
component polyurethan 
developed which combi 
of pclyurethanes and 
gelling encapsulant i 
penetrates all splice 
as low as 0"F. The e 
easily reentered with 
eratures below 0"F wi 
has low water absorpt 
resistivity. Laborat 
test data illustrate 
characteristics and i 
encapsulant can be us 
ground and aerial pla 

I. INTRODUCTION 

used in the nonpres- 
plant to maintain the 
of cable splices in 

Polyurethanes ^ d 
are both used widely 

s and both have short- 
le, non TDI based, two 
e encapsulant has been 
nes the best features 
greases.  The rapidly 
s readily mixed and 
voids at temperatures 

ncapsulant can be 
out tools even at temp- 
thout crumbling, and 
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The multipait telephone cable plant 
consists of pulp and PIC air core and water- 
proof cables which are spliced together 
to provide service.  The splice may be in 
an above ground pedestal or in a closure. 
Closures are designed to restore the cable's 
integrity by acting as an extension of the 
cable sheath.  The splice is the weak link 
in the buried or underground plant, because 
it is highly vulnerable to water degrada- 
tion. 
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Polyurethanes and grease-like materials 
both have shortcomings.  Grease encapsulated 
splices are easily reentered by hand, but 
the greases are limited to waterproof cables 
and small splices in the underground or 
buried distribution plant.  The use of hard 
polyurethane encapsulants for air core cable 

splices and at the waterproof cable interface 
with air core cable does not permit reentry 
for possible rearrangement (for example, 
to change the loading) or for trouble shoot- 
ing. 

This paper will discuss the development 
of a two component polyurethane encapsulant 
which combines the best features of polyure- 
thanes and greases. 

II. DESIGN CONSIDERATIONS 

Design considerations in the develop- 
ment of a reenterable encapsulant involved 
the environment (buried and underground), 
cable types (waterproof and air core), and 
cable size (25 to 900 + pairs), which were 
fixed, as well as the hardware used to splice 
cables and the characteristics of the encap- 
sulant itself, which would have to be defined. 

A. Hardware 

In order to simplify installation, it 
was decided that the closure would not be 
hermetically sealed.  Therefore, the encap- 
sulant would be the primary n.oisture barrier. 
Moisture resistant connectors were designat- 
ed for use with the new encapsulant to mini- 
mize craft sensitivity..  The splice was 
centered in the closure by wrapping it with 
a porous tape thereby pulling the splice 
together.  The porous tape can be easily 
located and can be used to rip apart the 
encapsulant without tool damage to the splice 
(see Figure 1).  This method eliminated 
the need for bonding the encapsulant to 
the closure, and ensured complete encapsula- 
tion of the wires.  Bonding of the encap- 
sulant directly to closure was rejected 
as an alternative to the use of porous tape, 
since reentry would have been more difficult 
in this design.  Thus, polypropylene was 
chosen as the closure material since other 
materials do not readily bond to it.  Sealing 
tapes and vinyl tapes can be used to keep 
the splice case properly oriented while 
the encapsulant cures. 

B. Encapsulant Design Characteristics 

The design of the encapsulant was 
governed by a multiplicity of goals.  Firstly, 
the encapsulant would have to meet OSHA 
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the amine group (NH.).  The reactions which 
occur readily at room temperature without 
the formation of a gas ate shown below. 

Figure   1   - Innch Splk* In l« Typ« Clnura 

requirements ai.d be  free of hazardous mater- 
ials  under   a wide variety of  field condi- 
tions.     Secondly,   it was  desirable  to devel- 
op a product which exhibited good  shelf 
stability  and reproducibility,   mixed  and 
poured easily,  was  insensitive  to errors 
in  the mix  ratio and to moisture,   and was 
fast  gelling.    Finally,   a high degree  of 
hydrophobicity and a high volume  resistiv- 
ity,   coupled with low weight losses and high 
degree of  oxidative  and  hydrolytic  stability 
under   field use conditions was  required. 

The  desire  to combine  the  reenterabil- 
ity of greases with the  superior  mechanical 
properties of polyurethanes required  that 
the  encapsulant have unique mechanical  pro- 
perties.     An easily reenterable,   high  impact 
strength elastoraeric polyurethane,   which 
would maintain its properties  between 0'JF 
and  140oF was sought.     New pours of  the 
encapsulant would have  to bond  to  the old, 
under   these conditions.     Since  the encap- 
sulant would come  in contact with  a variety 
of  cable and splice components,   compatibility 
of  the material with the  insulation,   con- 
nectors,   splice case,  etc.,   had   to be con- 
sidered. 

III.   THE CHEMISTRY  AND   PHYSICAL  PROPERTIES 
OF THE REENTERABLE  ENCAPSULANT 

A.  Chemistry 

The chemistry of   the encapsulant was 
governed by the design  consideration dis- 
cussed  in Section  II.     The  factors which 
particularly  influenced   the chemistry were: 

1. mechanical properties 

2. waterproofing and insulation 
requirements 

3. environmental conditions 

4. cost 

The requirement for ease of reenter- 
ability was translated into a consideration 
of urethane chemistry with respect to tear 
strength.  It will be recalled that isocyan- 
ates react with compounds jontaining labile 
hydrogen.  The most common sources of labile 
hyd'ogen aro the hydroxyl group (OH) and 

RNCO + R'OH 

RNCO + R'NH-, -> 

H 
RNCOOR' 
urethane linkage 

H H 
RNCONR' 
urea linkage 

It is known that the urea linkage yields 
much higher tear strengths than the urethane 
linkag .  For instance, Axelrood et al. 
studied a polyurethane series employing 
toluene diisocyanate 'TDI), polypropylene 
glycol (PPG) of 2000 molecular weight and 
an aromatic amine (MOCA).  It was found 
that when the NH,/OH ratio was changed from 
50/50 to 56/44, the tear strength increased 
by almost 20 percent.  Since the urea linkage 
is approximately two times more polar than 
the urethane linkage, these data and other 
literature have led to the conclusion 
that the tear strength of polyurethane 
elastomers is directly related to the abil- 
ity of the urethane to form hydrogen bonds. 
Since a low tear strength was desired, the 
urethane rather than the urea linkage would 
have to be employed in the polymer.  In 
addition, aromatic amines are toxic and 
unsuitable for use under field conditions. 

Avenues other than the elimination 
of urea linkage could be employed to reduce 
hydrogen bonding.  Thus, reduction in the 
concentration of urethane linkages has also 
been shown to dramatically reduce tear 
strength.  Axelrood and Frisch reduced 
the tear strength of a TDI-PPG polyurethane 
by a factor of 4 by doubling the molecular 
weight of the polyol. 

In addition, the backbone of the 0H- 
bearing constituent has a large effect on 
tear strength.  The polymer structures ob- 
tained from the principal polyol types are 
shown below, 

Polyether based urethane 

- [o (CH.VI x0CONHRNHCOO- 

Polyester based urethane 

-[o(cH2)2OCO (CB^S 4C00/CH2j^lcONHRNHCOO- 

Polybutadiene (PBD) based polyurethane 

-o (CH2CH=CH.:H2) XOCONHRNHCOO- 

Castor oil based polyurethane 

CH3(CH2)5-CHCH2CH=CH(CH2)^COOCH,- 

OCONHNHRNHCOO- 
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It will be not^ that polyether and 
polyester urethane bacKbones are dominated 
by carbon-oxygen linkages, while the castor 
oil and PBD based urethane backbones are 
made up primarily of hydrocarbon linkages. 
These structures would lead one to expect 
that the PBD and castor oil polyurethanes 
would have lower tear strength than the 
polyether and polyester urethanes. 

Moreover, the castor oil backbone has 
a large hydrocarbon sidechain which tends 
to force polymer chains apart, thereby re- 
duces hydrogen bonding. Typical tear 
strength values obtained for the various 
types of urethanes are shown in Table I 
and coniiirm the expectations that the 
tear strengths of the polymer could be 
reduced by use of castor oil, PBD and/or 
combinations of both materials. 

Uft'.-KHufJK 'N TKAil PTH 

ir i"ii.*'.iHKmAm;: 
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Having chosen castor oil and PBD as 
the hydroxyl constituents, a choice of iso- 
cyanate source also had to be made.  The 
most practical possibilities from avail- 
ability and cost/performance basis are two 
aromatic isocy?-ates, TDI and MDI (4,4'- 
diphenylmethane diisocyanate) and various 
aliphatic isocyanates such as IPDI (3-iso- 
cyanatomethyl-3, 5, 5-trimethylcyclohexyl 
isocyanate), HMDI (hexamethylene diisocya- 
nate) and H12MDI (methylene bis cyclohexyl 
isocyanate).  TDI was eliminatea from con- 
sideration because of the TDI vapor hazard 
in spite of the attractive cost and the 
known ability of TDI to produce low vis- 
cosity prepolymers. The aliphatic iso- 
cyanates are the costliest source of iso- 
cyanate and are known to produce derrmatitis 
in many individuals. Therefore, in spite 
of the fact that use o£ MDI normally leads 
to higher tear strengths than the other 
isocyanates considered (due to symmetry 
and the contribution of two rigid phenyl 
groups in the polymer backbone), MDI was 
chosen as the source of the NCO group. 

Using polybutadiene, castor oil and 
polymeric MDI several low tear strength 
polymers were developed, and the final 
choice of polymer structure waa made on 
the basis of cost, hydcophobicity, elec- 
trical characteristics, field applicability, 
as well as mechanical properties.  The 
choice of polymer raw materials from the 
standpoint of tear strei.gth was not in con- 
flict with waterproofing and volume resis- 
tivity requirements.  In fact, it was found 

that the moleuular features which lead to 
low tear ' ;.rength also produced the greatest 
degree oi. wateLproofing and the best elec- 
trical properties.  Therefore, the final 
choice between polymers of essentially the 
same tear strength could be made on the 
basis of ease of use in the field. 

The design goal of encapsulation anc 
reenterability was considered from the 
standpoint of field temperatures.  Normally 
the outside plant environment is considered 
to be -40°F to 140"F.  However in designing 
the encapsulant a minimum temperature of 
0°F was adopted as being more realistic. 

Use at 0oF required a very low viscos- 
ity urethane system in order to ensure ease 
of mixing, pouring, and complete penetra'ijn 
of the encapsulant into the void spaces 
of the splice.  Furthermore, it was found 
that the need for reenterability at 0"F 
required a lower tear strength than was 
available from the best polymer produced 
during the elastomer investigation.  Vhe 
need for a low tear strength and mix vis- 
cosity and the desire for the lowest pos- 
sible cost all appeared to be satisfied 
by the same solution—the use of an extender. 

To satisfy all the design goals of 
the buried splice, the extender would have 
to have the following properties: 

1. compatibility with the polyol, 
prepolymer and polyurethane 

2. low viscosity 

3. low pour point 

1. negligible effect upon elec- 
trical properties and hydro- 
lytic stability 

5. splice component compatibility 
and 

6. low volatility under field use 
conditions. 

A program was carried out to develop an 
extender which had these characteristics^ 

The compatibility of the insulation 
with a gelled oil system, petrolatum, is 
well established in filled cables. 

In general, high density polyethylene 
or polypropylene insulation in contact with 
gelled oils exhibit a minor loss in oxida- 
tive stability and mechanical properties 
which is considered acceptable.  It was 
expected that compatibility of tha insula- 
tion with an oil extended polyurethane would 
not present any problems. 

The compatibility of the connector 
housing with oils was more complex.  An 
aromatic oil is used^as an extender in B 
Reclamation compound .  This compound stress 
cracks and dissolves polycarbonate, commonly 
used for connector housings.  Also, aromatic 
oils of low volatility exhibit high pour 
points. 
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Similarly,   chlorinated paraffins  crack 
polycarbonate  and,   at  low  volatility,   exhibit 
high  pour   points.   Ester  based oils  are 
commonly used   in comnierc'.al greases and 
may  exhibit   low pour  points  as well  as   low 
volatility.     However,   es'-.ers  are  known  stress 
cracking  agents  for  polycarbonates.     Pa- 
raffinic and   naphthenic oils do  not  stress 
crack  polycarbonate and may  exhibit  low 
volatility.     Oilr; which  are  high  in  naph- 
thenic content  exhibit  low pour   points. 

Based  on  these considerations  and 
performance   tests  to be discussed   in   section 
IV,   an extender  was üeveloped consisting 
of  a  paraffinic oil  in coiuc i nation with 
an ester.     The effect  upon  the cost/per- 
formance characteristics of   the  encapsu- 
lant  as a  function of extender  concentra- 
tion  was  studied.     It was   found  that  the 
optimum encapsulant consisted of  35  percent 
low  tear   strength polymer   and 65  percent 
extender. 

Mechanical  and Handling  Properties 

As expected,   the effects of  extending 
the  basic  polyurethane  structures were  dra- 
matic.     As  shown in Table  II,   the  tear 
strength was   reduced from 24  lbs/in  to 4.8 
lbs/in by  utilizing 65 percent  extender. 
Moreover,   it  was  found  that  there  is  only 
a  1.8   lbs/in   increase  in  tear  strength, 
when   the encapsulant  is cooled  from  room 
temperature   to 0"F   (sc-e Table  III) .     An- 
other   important aspect of   the mechanical 
properties  of   the encapsulant  is  that,   ir. 
spite of  very  low tear  strength which  leads 
to an  ease  of  reenterability approaching 
that  of a grease,   the product  still main- 
tains  elastomeric qualities.     Thus,   the 
product at  room  temperature  has  an average 
tensile strength of  31 psi   and  an  average 
elongation of   132 percent.     Consequently, 
as will be   shown  in Section  IV,   the  encapsu- 
lant   is  strong  enough  to hold back  a  signi- 
ficant water   head and will  not  shatter   under 
impact  forces  even at 0oF. 

Use of   65 percent extender   also  re- 
sulted  in very  low coinponent pour  points 
and  viscosities,   and low mix viscosities. 
The  effect of   temperature on  the  viscosity 
of   the product   is shown  in  Table   IV.      It 
will  be noted  that the mix viscosity of  the 
encapsulant   at  room temperature   is only  250 
cps,   621 cps  at 40oF and  1800 cps  at  CF. 
Because of  these low viscosities complete 
encapsulation  could be accomplished  at  0oF 
However,   the  effect of  low  temperatures or 
gel  time  had   to be considered.     The  upper 
temperature   limit for encapsulation  is 
gcerned solely by the gel  time-viscosity 
profile of  the  encapsulant.     To establish 
the  upper   temperature  limit on encapsula- 
tion,   gel  time  as a function of  temperature 
was  determined.   Table V.     It wa-i   found   that 
the.  gel  time   at  100oF was  15 minutes.     At 
a  temperature  of 100oF the mix viscosity 
is  150  cps.     This  low mix viscosity permits 
complete encapsulation of  splices  in  spite 
of   the   fast  gel  time.     At  higher   tempera- 
tures,   storage  in the shade and other 
precautions   should be  taken   to keep  the  gel 
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time as long as possible for ease of hand- 
ling.  The gel times of 103 and 260 minutes 
at 40 and 0oF were not considered to be 
excessive.  However, it is unlikely that 
the encapsulant components would ever be 
conditioned to 0oF prior to use, as was 
the case in these experiments. 
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TABLE   V 

EFFECT     OF   TEMPERATURE  ON   THE GEL   TIME 
OF   THE   REENTERABLE   KNCAFSULANT 

Temperature "F) Gel Time* (Minutes) 

0 2G0 

40 103 

58 50 

73 29 

88 19 

106 11 

*Gel   time   is  defined  as  the   time   to  reach  a 
viscosity   of   10    cps. 

just  how much deviation  in the mix  ratio 
could be  tolerated in the  reenterable 
encapsulant. 

It  has been found  that the product has 
a high degree of tolerance for  mix  ratio 
errors.     As   shown  in Table VI,   when  the 
mix  ratio was disturbed by an excess  or 
deficiency of  12 percent   isocyanate  the 
gel   time changed by only  1 minute and  the 
tear   strength only varied by _+ 0.5  lbs/in. 
The  rest of   the mechanical properties,   as 
well as  the  electrical properties and water- 
proofing quality of  the encapsulant  also 
exhibited  relatively small and  acceptable 
deviations   from the mean.     Even when gross 
and extremely unrealistic  changes  in  the 
mix  ratio of +29 and -24 percent NCO were 
made,   the  encapsulant gel  time  only  varied 
by +5  and +14 minutes,   respectively.     More- 
over,   the mechanical properties,   as well 
as  the electrical and water absorption data 
indicate  that  these grossly off-ratio encap- 
sulants would perform satisfactorily  in 
the  field.     These data also indicated  that 
a  high degree of reproducibi   ity  should 
be demonstrated by the t.icapsulant.     Quality 
control data  from the first 25  production 
lots of  the encapsulant  and field experience 
show  that  the encapsulant  is indeed  highly 
reproducible. 

Volatility 

The maxim 
in the buried e 
weight loss tes 
nments which we 
in splice desig 
indicated that 
hours at 140"F 
Performance tes 
effect of accel 
discussed   in Se 

urn design service temperature 
nvironment   is  90oF,     Extensive 
ts,   were run   in closed enviro- 
re  analogous   to  those  found 
ns.     These data repeatedly 
the weight  loss after  500 
was only 0.2  percent, 
ts were  run   to determine  the 
erated weight   loss and  arö 
ction   IV. 

Feedback   from  various   telephone compan- 
ies  indicated applications   for   the  reenter- 
able encapsulant  in  above ground pedestals 
and  in  some aerial  closures.     The design 
temperature  in  these  environments  is 140" 
F,   and  it  was  necessary  to  reduce  the  vola- 
tility of   the encapsulant  by  developing  a 
less volatile  extender. 

It was possible  to reduce the volatil- 
ity of  the encapsulant by  an order of magni- 
tude by modifying  the extender  without signi- 
ficantly changing other  characteristics of 
the encapsulant.     Volatility  data after  600 
hrs at various  temperatures  are given  in 
Table VII     for   the   improved  encapsulant. 
The temperature-mechanAcal  property profile 
of  the encapsulant  and  its modification 
are the same,  within experimental error. 
As shown  in    Table VIII    the modified encap- 
sulant exhibits  low mix viscosities over 
the field  temperatire range  of 40    -100oF, 
although  these  viscosities  are  somewhat 
higher  than those obtained with the original 
encapsulant,  Figur-»  2.    The   improved encap- 
sulant was also found to have a more favor- 
able  time-temperature curve  than the original 
encapsulant.     As  shown  in  Figure 3,   shorter 
gel  times  at  low temperatures  and longer 
gel  times at high  temperatures are obtained. 

'lABLi:   VI I 

WEICHT   LOSSES*   OF    IMPROVKD   ENCAPSULANT 

Percent 
j-.-iple Weight       Wfi«;h    '■ as after  600  hrs. 

4.0 

0.6 

0.4 

0.2 

0.0 

TiMiiporaturf^ "C .^.■nple 

98 8U 

71 86 

61 91 

'it 81 

RT 90 

•  Encapsuiant   cured   in  .iispf 
t o  fnvironment . 

h.'ak.-.r, rvmoi 

I ; 
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The improved encapsulant was subjected 
to the same test program as previously de- 
scribed and it was found to meet all accep- 
tance criteria.  Therefore the encapsulant 
is being made available to the telephone 
companies for use in buried and underground 
plant.  Specific applications in the aerial 
plant are under consideration. 

g   400- 

100 ^ 

oL 
TEMPERATURE   CfI 

FIGURE 2 
COMPARISON OF  REENTERABLE  EHCAPSULAHT MIX  VISCOSITY  TEMPERATURE  PROFILES 

IV.   PERFORMANCE  TESTS 

Performance of the  reenterable  encapsu- 
lant was  examined as a function of  the  vari- 
ous components   in a clsoure as well as  in 
the  filled closure system. 

A.   The Cable  Sheath and  Insulation 

The current cable  jacket materials 
are highly stress crack  resistant  and  have 
been approved   for   use  in waterproof  cables 
where  they are7in contact with gelled oils 
(petrolatum)   '   .     Some cable  jackets  instal- 
led prior   to  1963 are more  susceptible  to 
stress  cracking.     However,   the   incidence 
of   failure  involving cables of  the Alpeth 
and  PAP  construction   (typical  air   core  cable 
sheaths)   is unknown and probably negligible. 

No cable  sheath  failures  have been.reported 
with  use of  B  Reclamation Compound   ,   an 92 
percent oil  extended polyurethane   used  to 
reclaim waterlogged  cables.     In   tests  to 
be described   in Section   IV stress  cracking 
of   the polyethylene   jackets by   the   reenter- 
able encapsulant was  not  observed.     Thus, 
the engineering  judgment   was made   that  the 
encapsulant  could  be  used  on all   air  core 
and waterproof  cables   jackets   in   the outside 
plant. 

The mechanical  and  oxidative  properties 
of   the  insulation  exposed   to  the  oil extend- 
ed polyurethane were considered.     The pre- 
sence of  an  oxidation  stabilizer   in  the 
polyurethane   insured good  oxidative perfor- 
mance  of   the   insulation   at   the   air   interface, 
if present.     High  density  polyethylene and 
polypropylene   insulation   aged  at   70"C  for, 
30  days  in pigtail  configurations  did  not 
exhibit any mechanical  degradation.     Low 
density  polyethylene   insulation   in  cables 
reclaimed with B Reclamation Compound has 
been successfully  reentered and   spliced 
although softened by  the   reclamation com- 
pound.     In  the case  of   PVC  insulation as 
in  load coil  stubs  some   plasticizer  extrac- 
tion could occur  but  no  gross  deterioration 
of properties   is possible. 

Thus,   the  engineering  judgment was 
made  that  the  oil  extended encapsulant could 
be  used on all plastic   insulation  in the 
outside plant. 

B.     Hardware 

Sealing tapes may be softened by the 
encapsulant during curing.  Since the perfor- 
mance of the filled closure is not dependent 
on its presenting a hermetic seal, the soft- 
ening is not a problem.  This was confirmed 
by performance tests on the filled closure 
system.  The above arguments on polypro- 
ylene insulation also hold for the poly- 
propylene closure. 

Polycarbonate is highly sensitive to 
stress,  A properly designed part should 
not be strained above 0.6%.  Many common 
liquids will crack, craze or dissolve poly- 
carbonate at lower strains.  Annealing in- 
creases the stress cracking susceptibility. 
A test was designed in which an annealed 
flexural bar was strained to 0.75% and ex- 
posed to the encapsulant at room temperature 
for 30 days.  The requirement was that the 
bar should not craze or crack during or 
after curing.  The encapsulant passed this 
test.  It rhould be noted that the suscep- 
tibility of polycarbonate to cracking in- 
creases as the temperature increases.  Thus, 
at 50 C test bars crazed in air as well 
as in the encapsulant. 

Polycarbonate connector housings 
(Bell System 700 and 710 series) were also 
tested.  These connectors were known to 
exhibit low molding stresses based on tests 
using known stress cracking agents, (e.g., 
hexane will craze polycarbonate strained 
at 0.8% but does not affect the 700-710 
series connector).  The reenterable en- 
capsulant did not craze these connectors 
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after 30 days below 60ÜC.  At 70oC crazing 
occurred.  However, the encapsulant around 
the crazed connectors could be ripped off 
without destroying the connector housing. 
Thus, the engineering judgment was made that 
if some field conditions not duplicated in 
the laboratory resulted in crazing of the 
polycarbonate connectors, the integrity of 
the splice was not degraded. However, the 
connector housing must be molded with low 
residual strain levels because of the sus- 
ceptibility of polycarbonate to cracking. 
Poorly designed polycarbonate connector 
housing can crack in an ambient air envir- 
onment. 

Other materials which may be used with 
other closure systems would have to be exam- 
ined individually to ensure long term 
performance. 

C. The Encapsulant 

Encapsulation of new construction at 
0oF is unusual. However, reentry is not. 
Thus, craft sensitivity was tested at low 
temperatures.  A highly viscous encapsul- 
ant would be difficult to mix and pour at 
0oF. With the new encapsulant, the prepoly- 
mer is poured into the polyol.  It must 
exhibit a low viscosity for ease of pour. 
Although an allowance is made in the packag- 
ing for prepolymer remaining in the original 
can, this amount varies under field condi- 
tions. The gelling characteristics of the 
encapsulant were found to be insensitive 
to possible mix ratio violations, as expec- 
ted from the discussion in Section III. 
Thorough mixing at 0oF is accomplished in 
2-3 minutes since the viscosity is low and 
there is no precipitate to disperse.  Pour- 
ing is equally easy. The gel time for the 
improved encapsulant of about 80 minutes 
at 40"F is acceptable. However, condition- 
ing of the encapsulant at higher temperatures 
accelerates the gel time and is effective 
in cold weather. 

Addition of water to Part II of the 
mix followed by thorough mixing did not 
result in any foaming. Water, which is 
heavier than the encapsulant, settled to 
the bottom or was encapsulated.  This is 
in marked contrast to many older encapsulant 
materials. 

Reenterability of an encapsulated 
splice without tools was accomplished at 
temperatures well below 0oF. Bonding of 
new pours on existing encapsulant was veri- 
fied, that is, failure on tearing was co- 
hesive and not at the interface. However, 
the reenterable encapsulant will not bond 
to some commercial encapsulants. 

D. The Closure System 

The  reenterable encapsulant was  in- 
tended for   use  in the buried and underground 
plant using  PIC air core and filled  cable 
with moisture resistant connectors.     As 
previously   indicated,   feedback  from  the 
telephone  companies also  indicated desired 
applications   in pedestals and aerial clo- 
sures. 

FIGURE  3 
COMPARISON Of GEL   TIME-TEMPERATURE  CURVES FOR   REENTERABLE ENCAPSU.ANT 

For the buried and underground exposures 
oerformance tests were directed to determin- 
ing the ability of the splice to resist water 
migration. Since there are field conditions 
which may not be reproducible in laboratory 
performance tests, the procedure was biased 
to failure by using connectors which were 
not moisture resistant.  Eight splices were 
constructed using air core and filled cable 
of 50 and 400 pair 22 gauge copper.  These 
were encapsulated at 32 and 77 F.  Some 
splices were placed in one foot of water 
saturated sand and cycled from 0 to 100 F 
every 12 hours for 50 days.  Other splices 
were placed under 3 feet of water for 50 
days at room temperature. To aggravate the 
latter tests, all splices were also exposed 
to a 5 foot head of water through the cable 
sheaths during the tests.  Insulation re- 
sistance tip to ring, tip to ground and ring 
to ground was monitored.  The requirement- 
was a minimum insulation resistance of 10 
ohms at completion of the tests. At com- 

pletion of the tests, splices were reentered 
at various temperatures.  Some were reencap- 
sulated and retested for 25 days.  The insu- 
lation resistance remained in excess of 10^ 
ohms.  The cycle tests are still in progress. 

For exposure above ground, the number 
of tests was reduced.  Encapsulated splices 
with the closure removed were exposed to 
140oF for various periods of time.  Using 
the encapsulant with the higher volatility 
discussed in Secion III, an encapsulant 
weight loss of about 5% was allowed. At 
this point the closure was inunersed in the 
wet sand for 100 cycles from 30-140oF.  The 
insulation resistance remained in excess 
of 10tf ohms. Then, this splice was again 
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aged at 140"F for a total weight loss of 
15% and reimmersed in wet sand.  After 100 
cycles from 0 to 100"F, all insulation 
resistance readings remained high.  An 
encapsulated splice using the improved en- 
capsulant is being aged at 140rF for sub- 
sequent immersion in wet sand. 

V. CONCLUSION 

An encapsulant material which combines 
the best features of polyurethanes and 
greases has been developed.  It is a non- 
TDI based, two component, rapid gelling, 
extended polyurethane. Because of low 
component viscosity and mix viscosities, 
even at 0oF,the polyurethane encapsulant 
is easily mixed and penetrates all void 
spaces of the splice.  It does not foam 
in presence of water.  End use character- 
istics are:  high volume resistivity, low 
water absorption, splice component compat- 
ibility and very low tear strength, coupled 
with high elongation and adequate tensile 
strength.  The material is not tacky and 
does not present cleanup problems and is 
quite insensitive to NCO/OH ratio.  The 
encapsulant bonds to old pours to restore 
splice integrity.  Laboratory data and 
performance tests under simulated adverse 
field conditions show that the encapsulant 
can be used in buried, underground and 
aerial plants.  The encapsulant is easily 
reentered without use of tools at temper- 
atures below 0oF. 
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A "Universal" Communication Compound 

ABSTRACT 

A candidate, universal splice encapsulating and damming 
compound for both plastic and pulp insulated cable has 
been formulated. A polydiene-type polyurethane resin was 
optimized with regard to gel time and mixed viscosity as a 
function of temperature and mixed viscosity as a function 
of time. 

Utilizing the new compound and a direct sheath injection 
method, pressure dams in both PIC and pulp cable were 
prepared and thermally cycled. The performance test results 
confirm the "universality" of the compound and its method 
of use. 

INTRODUCTION 

Historically, in order to satisfy its rapidly evolving con- 
struction practices, the telecommunications industry has 
presented numerous, demanding material development chal- 
lenges to the engineer and chemist. Working together 
toward the common, ultimate goal of an efficient, trouble- 
free plant, they have made many outstanding, coordinated 
contributions: the transistor, the laser, optical fibers, 
compositions for waterproofing buried cable, compounds 
for reclaiming wet cables, esthetic and improved telephone 
pole preservatives, and improved polyolefin conductor 
insulation. 

In spite of these advances, the everyday task of protecting 
splices and plugging air core cables, offers yet another 
material development challenge. In recent years, the diver- 
sified nature of cable construction and conductor insula- 
tion has unfortunately led to a proliferation of encapsu- 
lating compounds (primarily polyurethane resins) and their 
application practices in an attempt to satisfy a particular 
application requirement. 

For the ultimate user, this has led in some instances to con- 
fusion, hence the occasional misuse of these compounds. 
For many of these demanding applications, the resin 
selected may have been chemically and/or physically 
incapable or satisfactory performance. Unfortunately, the 

all too frequent result has been cables with leaky plugs 
and/or wet encapsulated splices. The obvious solution — a 
more "universal compound" with simplified application 
practices should be sought. This paper describes our efforts 
to achieve these goals. 

PREVIOUS WORK - AN UPDATK 

In our previous paper1, a modified open-'heath method 
using a polyurethane compound was described, which 
successfully and reliably plugged PIC and pulp cables. Our 
attempts at that time to utilize the popular "sheath injec- 
tion method" gave nonreproducible results, particularly at 
lower temperatures (20oF). As a result, this method was 
not recommended. During the latter course of this work it 
became evident that the major deficiency of the total 
system was the polyurethane compound. Obviously, one 
or more of the compound's interdependent variables were 
not optimized in order to reliably perform. We shall discuss 
in detail the deficiencies of this compound and of other 
typical polyurethane compounds in the body of the paper. 

As a result, a program was initiated to formulate a more 
universal splice encapsulating and blocking compound by 
attempting to optimize several important variables. In our 
experience, the successful damming of air core cable has 
been more difficult to achieve than that of reliably 
encapsulating a cable splice. In fact, with very few excep- 
tions a resin which will plug air core cable will also serve to 
encapsulate its splices. Thus, most of our efforts were 
directed toward reproducibly damming PIC and pulp cables 
by a sheath injection method. 

PREFERRED RESIN SYSTEM 

For one or more reasons the following two-part, ambient 
temperature curing resin systems were considered and re- 
jected: polyester-styrene, bisacrylates-styrene, polyacrylates 
in their monomer and/or plasticizer, polyisocyanurates and 
liquid elastomers. The obvious advantages and disadvantages 
of the remaining candidates, epoxy and polyurethane 
resins are reviewed in Table I. 

TABLE I 

EPOXY RESINS VS. 

High Tensile Strength 

High Exotherm 

Poor Thermal and Mechanical Shock Properties 

Fair Electrical Properties 

Amine Toxicity 

Good Adhesion 

High Cost 

Resin Cure: Moisture Insensitive 

Gel Time: Requires a Formulation Change 

Good to Fair Hydrolytic Stability 

Viscosity: Moderate to High (Variable) 

"TDI-FREE" POLYURETHANES 

Moderate to Low Tensile Strength 

Relatively Low Exotherm 

Good Shock Properties 

Fair to Good Electrical Properties 

Low Toxicity 

Adequate Adhesion 

Moderate Cost 

Resin Cure: Moisture Sensitive 

Gel Time: Function of Catalyst Concentration 

Good Hydrolytic Stability 

Viscosity: Moderate to Low (Variable) 

Polyurethanes are still considered to possess the greatest po- 
tential to "universally" satisfy both the requirements of pres- 
sure damming and splice encapsulating. 
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THE BASIC TYPES ANÜ CHEMISTRY OK 
POLYURETHANES 

Most polyurethane resins, presently utilized in splicing and 
damming applications are Iwo-part, reactive, ambient tem- 
perature curing, low viscosity systems. One part contains 
a polyfunctional aromatic isocyanate* and the other, 
one or more polyfunctional alcohols. Reaction can be 
accomplished most simply in a onv-step process, in which 
all reactants are initially mixed togeiiier to give a random 
copolymer. 

2 OCN Ar  NCO+ HOR'OH» HOR'OH -^-•> 

■K N H Ar NHCOROCNHAr NHCOROCNH Ar NHCOR*0>n 

On the other hand, the reaction may be conducted in two 
distinct stages. The first would involve, for example, the 
reaction of 2 moles of diisocyanate with 1 mole of diol to 
form a prepolymer (Part A). When this reaction is com- 
pleted, a second mole of diol (Part B) would be added and 
the polymerization continued to give an alternating (block- 
type) copolymer. 

2 OCN Ar NCOtHOROH- 

cat 
0 0 
n      -   n ,/ 

OCN ArNHC OROCNHAr NCO + HORCH 

"Prepolymer" "Polyol" 

0 9,9 9     , 
i CNH Ar NHCOROCNHAr NHCOROK, 

We prefer the prepolymer method for several reasons: 

1) The desired weight ratio, A/B = 1 can be more easily 
attained. 

2) Incompatible polyols can often, after prepolymer for- 
mation, be incorporated into the polymer backbone to 
give a more compatible resin. 

3) Partial prereaction of the isocyanate decreases further 
the total toxicity of the system, even though poly- 
isocyanates of low volatility may be utilizec1. 

4) The resin formulator has more control over crosslinking 
sites and/or the ratio of high and low molecular weight 
segments, which he may want to incorporate into the 
polymer. 

Polyurethanes are often described according to the type of 
polymeric polyol utilized in their preparation; polyether, 
polyester, ricinoleate (castor oil and its derivatives), hy- 
droxy terminated polydienes or mixtures of these polyols. 

1) Polyethers — poly(oxypropylene) polyols 

3) Ricinoleates - castor oil and derivitives 

0 

CH2OCOR 

I        0 
CH  OCOR 

I 0 
CHgOCOR 

OH 

R=HH2)7CH = CHCH2CH(CH2)5 CH3 

4) Polydienes— hydroxy terminated polybutadiene 

Ho|cH2CH = CH(CH2)2 CH CH2CH =CHCH2j- 
L CH = CH2 Jn 

OH 

Each type possesses chemical and economical advantages 
and disadvantages. In our work we utilize all except the 
polyesters in an effort to combine the attributes of each 
class while attempting to minimize their specific, inherent 
disadvantages. In addition, lower molecular weight diols and 
triols (reenforcing polyols) such as 1,4-butanediol, di- 
propylene glycol, trimethylolpropane, etc. are often used 
to strengthen the polymer by crosslinking and/or by in- 
creasing the intermolecular hydrogen bonding (cohesive 
energy of urethane group = 8.7 kcal/mole). 

In the majority of polyurethanes being specifically formu- 
lated for the communications industry, two types of poly- 
functional aromatic isocyanates are most commonly used: 

1) Diphenylmethane diisocyanate (MDI) 

OC N-(Ö)j-CH2 

2) Polyaromatic Polyisocyanate (PAPI or MR) 

0>CH2 ^\CH2 

NCO NCO 
P 

NCO 

CH, CH, CH, 

KOCHCHgCKCHg CHO!   CH2CHOH 

2) Polyesters — polyethylene adipate 

r        9      9 
HO (CH2)2 OC(CH2)4CO|H 

*The most common aromatic diisocyanate, 2,'l-toluene 
diisocyanate (TDI), was not utilized in these studies be- 
cause of its toxicity. In addition, no reacliue aromatic or 
aliphatic amines were considered in our formulations be- 
cause of their potential carcinogenic and/or toxicologicat 
properties.2 

FOAMING VS. NON-FOAMING RESINS 

Polyurethanes which exhibit limited foaming during cure 
have been formulated and tried, but not widely accepted for 
encapsulating cable splices. In fact, both the manufacturer 
and user take care to avoid excessive foaming within a 
cable splice. 

However, foaming resins have been widely utilized in cable 
pressure damming.' It was reasoned that foaming counter- 
acts the normal resin shrinkage to form a compressive seal 
within the cable. Masterson4 in 1969 found that a number 
ot commercially available, foaming polyurethanes success- 
fully blocked 100 pr., 22 gauge Alpeth cable with uncoated 
shields by a sheath injection method. 
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In spite of this, we chose to optimize a "non-foaming" 
formulation for the foijowing reasons: 

1) The degree of foaming, hence resin density is very 
stnsitive to and inversely proportional to the ambient 
temperature. It was felt that a prime requisite of a 
universal compound should be reproducible resin 
density. 

2) Convenient packaging systems for polyurethane foams 
are presently relatively expensive, thus little or no 
economic advantage could be realized by their utility. 

3) When moisture is either internally or externally pros- 
ent, all polyurethanes exhibit varying degrees of foaming. 
In spite of the precautions taken during their manufac- 
ture or use, most resins will at some time be exposed to 
moisture. Thus, in practical applications, their final 
volume shrinkage will be minimal, usually less than 2%. 

TARGET REQUIREMENTS - UNIVERSAL SYSTEM 

Obviously, both compound and practice of use should be 
conceived, developed and made available with "economi- 
cally reliable performance" as the main objective. In order 
to achieve th.s, there are a number of requirements which 
the total system should meet. 

A. Application Requirements 

1. Compound 

a. Storage stability 

b. Convenient to mix and dispense 

c. Free of objectionable odor 

d. Non-toxic, non-carcinogenic and non-hazardous 

e. Low volume shrinkage 

f. Possess an optimized gel time and mixed viscosity 
to reliably splice encapsulate or block both PIC 
and pulp cable over a wide temperature range (20° 
to 95°F) within a reasonable length of time (2 
hours). 

2. Method of Use 

a. Simple as practically possible 

b. Well defined (Require a minimum of judgment) 

c. Time saving 

d. Reliable 

B. Post Application Requirements 

The service lifetime of a cable splice or block in an 
adverse environment is all important. In order to predict 
these lifetimes, accelerated and extreme screening tests 
are first performed on the compound. These are 
followed by application tests on the cable splice or 
block, again under accelerated conditions. 

1. Compound 

a. Non-corrosive to metals (Cu, Al, Fe, etc.) 

b. Chemically inert with regard to all types of con- 
ductor insulation, splicing connectors, mastics and 
tapes. 

c. Resistant to chemicals (oils, solvents, greases, 
acids, bases, etc.) 

d. Hydrolytically and thermally stable over a wide, 
but practical temperature range. 

e. Possess adequate electrical and physical properties 
to satisfy application requirements. 

2. Total System 

Cable Splice Protection 

— REA Specification 

— Cable Manufacturers' Specification 

— Connector Manufacturers' Specification 

— Users' Specifications (Continental, General Tele- 
phone, Bell System, etc.) 

Cable Plugs 

— J Plug Compound 

With few exceptions, the majority of the polyurethane 
resins and their accompanying methods of use, which are 
available to the industry, satisfy to varying degrees most 
but not all of these broad requirements, and as a result are 
not universal. This in no way implies that these com- 
pounds and practices do not perform well for the specific 
application or applications for which they were intended. 

INITIAL WORK - AN ASSESSMENT OF SEVERAL 
CANDIDATE COMPOUNDS 

Recall that our previous attempts to reproducibly dam PIC 
and pulp cables over a wide temperature range (20° to 
95° F) were unsuccessful because of compound deficiencies. 
Since this compound (A) was a polyether-type urethane, it 
was of interest to compare it with two other commercially 
available encapsulating and damming compounds (B and 
C), representing castor oil and polydiene-types respectively. 

(Note: A, B and C were all catalyzed with the same 
catalyst.) 

In other words, which chemical type of polyurethane would 
best serve as a building block to "tailor-make" a universal 
resin? The "typical properties" of each compound are 
given in Table II. 

It was evident that the question could not be answered by 
comparing the data in Table II. All possess adequate 
properties to apparently satisfy the requirements of the 
application or applications for which they were formulated. 
The excellent hydrolytic stability, the electrical properties 
and the extremely low glass transition temperature (Tg, 
the temperature at which a compound goes from a rubbery 
to glassy state) of the polydiene compound (C) are worthy 
of particular attention. It is important that the compound 
possess a low Tg, in order for it to internally absorb the 
extreme thermal and mechanical shocks to which a cable 
splice or dam may be subjected throughout its service life- 
time. 

IMPORTANT TEMPERATURE DEPENDENT 
VARIABLES 

It was obvious that initial compound performance would 
be the most difficult to achieve at the high and low applica- 
tion temperature limits. 

At low temperatures (20oF), the eompo'i'iU must possess 
a mixed viscosity sufficiently low to penetrate the tight 
conductor bundle (also conductor insulation in pulp cables) 
and between the sheath layers. After penetration, it must 
cure at a reasonably rapid rate (< 2 hours) in order to 
avoid a prohibitively long wait until application of pressure. 
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TABLE II 

PROPERTIES OF COMPOUNDS A, B AND C 5 

I.  Uncured Properties Method _A B £ 
- Viscosity (cps, 25°C) Brookfield 

Viscometer 
' 

Propolymer 4,000-4,500 3,500-4,000 5,500-7,000 
Polyol 800-1,000 700-900 2,000-3,000 f 

Mixed (1 minute; l.YoO 1,200 3,200 
■ 

-Gel Time (min., 25°C) Sunshine 
Gel Meter 

i 
■■'■ 

100 g. Mass 20-25 14-17 9-12 "■ 

— Maximum Exotherm (0C) 100 g. Mass 85-88 80-82 61-64 
■■.■ 

■ 

II. Cured Properties :;. 
— Tensile Strength (psi) ASTM D-412-68 1500-2000 600-700 500-600 
- Elongation (%) ASTM D-412-68 150-200 100-120 180-200 
— Hardness (Shore A) 85-90 67-70 68-70 'V 
— Density (gm/cc) 3M* 1.10 1.07 1.05 
- Volume Shrinkage 3M* 1.53 1.57 1.52 ■ 

— Copper Corrosion 3M* None None None i 
— Fungus Resistance ASTM G-21-70 "O" Growth "0" Growth "0" Growth 
- Hydrolytic Stability 3M* i 

(7days,H20,100oC) : 
a. Weight Increase (%) 2.5-3.5 .95-1.0 .57 
b. Shore A Loss 10-15 9-10 8 

- Heat Stability 3M* | 
(21 days, 135° (C) 
a. Weight Loss (%) 3.0-3.5 4.0-4.5 2.75-3.0 
b. Shore A Increase 10-15 10-12 15 ? 

- Thermal Shock 3M* 
(10 cycles, 
l/4"lnsert, 

550C to 130oC) 

No Cracking No Cracking No Cracking 
■ 

i 

- Glass Transition 5 

Temperature (0C) 3M*(DTA) - 39 to 9 -12 to 20 -76 to-65 

III. Electrical Properties 
< 

- Dielectric Strength ASTM D-149-64 450-500 550 475-500 
(volts/mil) l 
(125 mil Sample) 

— Dielectric Constant ASTM D-150-70 i 
(10JHz,25oC,50%RH) 5.3 3.9 3.7 

— Dissipation Factor ASTMD-150-(0 0.065 0.094 0.022 '-. 
(103Hz,25uC,50%RH) 
Insulation Resistance (ohms) 
(28d-vo,40oC,96%RH) 3M* 1.0 xlO1 4.0x10' 

♦Internal 3M Test Method 

At high temperatures (95 F), the compound's mixed 
viscosity should still be sufficiently high to prevent exces- 
sive flow down the cable. This is partially compensated for 
by the compound's increased rate of reaction and viscosity 
build-up at higher temperatures. The latter must be care- 
fully controlled in order to allow sufficient time for the 
compound to thoroughly penetrate all of the conductor 
interstices and sheath layers. 

In other words, to insure reliable, initial performance, the 
mixed viscosity and the gel time of the compound must be 
carefully optimized at both ends of the temperature 
spectrum. 

2.0 x 10' 

With this background, we shall now examine these variables 
of Compounds A, B and C as a function of temperature. 
In addition, the compounds' mixed viscosities as a function 
of time at various temperatures will also be evaluated. 
Hopefully, this will answer the question, "Which chemical- 
type of polyurethane would possess the most potential for 
a universal resin?" 

AVERAGE MIXED VISCOSITY - 
TEMPERATURE PROFILES 

The measurement of the absolute mixed viscosity of a 
polyurethane over a broad temperature range was imprac- 
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tical. However, in order to compare the potential, initial 
performance capabilities of Compounds A, B and C with 
regard to viscosity and then correlate this with chemical 
structure, it was important that we have some idea of these 
profiles. 

To accomplish this, the viscosity of the polyol and pre- 
polymer of each resin was independently measured, then 
arithmetically averaged at the same temperature to give an 
"average mixed viscosity." This method of normalization, 
of course, neglected the effects of the catalyst, reaction 
exotherm and the heat generated by mixing. Agreement of 
these average mixed viscosities and actual mixed viscosities 
was surprisingly good at 75" and 98UF. However, at 20oF, 
a large discrepancy (70,000 cps) was noted in the case of 
Compound C, apparently due to the heat of mixing. 

The actual procedure involved heating the polyol or pre- 
polymer to 200° F or cooling them to 10° F in a foam 
insulated cup, then both the temperature and viscosity 
were continuously recorded until room temperature was 
reached. These profiles are shown in Figure I. 

FIGURE I 

AVERAGE MI>,FD VISCOSITY 
TEMPERATURE PROFILES 

COMPOUND C 

COMPOUND A 

I I I I I I I I I I I I I I 
30    «0    M    10    10O   110   llO    lio   ito   200 

TEMPERATURE (°F) 

Although Figure I depicts the worst case for each of the 
compounds at 20°F, it was apparent that all possessed 
mixed viscosities of greater than lO4 cps, which is con- 
sidered too high to effect the penetration required to 
successfully block or splice encapsulate PIC or pulp cable. 
Of the three, the castor oil compound (B) appeared to be 
the best candidate. However, it is important to note that 
the curve of Compound C actually intercepted the curve of 

Compound A, at about 25°F even though its viscosity was 
significantly higher at room temperature. 

GEL TIME VS. TEMPERATURE 

The rate at which the compound will cure over the entire 
temperature range is of primary importance for initial 
performance within the cable. The gel times of the com- 
pounds were determined on a 100 gram mass of resin with 
a Sunshine Gel Meter in a chamber, stabilized at the desired 
temperature. All samples were equilibrated for 12 hours 
in the chamber at t.ie testing temperature prior to mixing 
ond testing. The results are shown in Figure II. 

FIGURE II 

OtL liMt Vb   TtMPERAIUHt 

TIME IMINUUSI 

Only the polydiene compound (C) possessed measurable gel 
times over the entire temperature range. Both the polyether 
(A) and castor oil (B) compounds appeared to gel within 
60-80 minutes at 20° F; however, on warming they became 
thermoplastic and decreased in viscosity. In addition, it was 
found that neither A or B cured at 40° F. Both of these 
compounds appeared to assume a glassy state at these 
temperatures, thus losing a degree of freedom of molecular 
motion required for reaction. This again in no way implies 
that properly formulated and catalyzed polyurethanes based 
on polyether polyols and/or castor oil and/or its derivatives 
would not cure at 20oF or below. However, in these studies 
the polydiene compound (C) was clearly superior in this 
regard. Its state of cure was by no means optimum since all 
polyurethanes achieve this only after an extended time at 
high   temperature;  it  was,   however,  sufficiently  cross- 
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linked to be non-thermoplastic after warming to room 
temperature. This was attributed to: (1) the unsaturated 
nature of the polydiene polyol's backbone resulting in a 
lower glassing temperature and (2) the increased reactivity 
of the allylic hydroxyl groups present in the polyol. 

MAXIMUM EXOTHERM OF COMPOUNDS A, B AND C 

The amount of heat generated by a curing polyurethane 
within a cable splice cannot be excessive (200oF) since 
damage to the insulation and/or cable sheath could result. 
The maximum temperature reached will depend upon: 

— Cross Sectional Area of Curing Resins 

— Ambient Temperature 

— Gel Time 

— Conductor Density (Heat Sink) 

— Type of Catalyst 

— Polymer Concentration 

— Chemical Type 

Recall that the Compounds A, B and C were all catalyzed 
with the same catalyst, but with varying concentrations to 
effect different gel times. In wpite of this, it was hoped that 
some comparison of the three chemical types could be made 
by measuring the maximum exotherm of a 100 gram mass 
of curing compound at 20°, 75° and 98° F. This data is 
presented in Figure III. For reference, the gel times (min.) 
are given in parentheses. 

FIGURE III 

MAXIl» JM EXOTHERM VS TElWPtHATURE 

TEST TEMPERATURE (Fl 

From Figure III, it can be seen that the polydiene com- 
pound (C) exhibited lower exotherms at all ambient tem- 
peratures studied except at 20° F, where neither Com- 
pound A or B cured. This was somewhat surprising since 
Compound C had a significantly shorter gel time than 
Compound A or B at all ambient temperatures. The castor 
oil compound (B) was slightly superior to the polyether 
compound (A); however, both are considered to exhibit 
reaction temperatures at 98° F which could potentially 
deform or damage conductor insulation. However, it should 
be pointed out that in actual application these temperatures 
are rarely achieved within the cable because of heat transfer 
by the metallic conductors. 

VISCOSITY VS. TIME 

It is important to have an understanding of how the 
viscosity of the compound increases in the cable during 
cure as a function of time at various temperatures. This 
relationship is commonly called the compound's induction 
curve, and the time from initial mixing to the time at which 
a sharp viscosity increase is noted — the induction period. 
Again, these curves could be obtained for Compounds A 
andBatonly 75° and980F. 

FIGURE IVA 

VISCOSITY VS TIME 
COMPOUNDS A   E 8. C AT 20 F S. 75 f 

-t 1- 

TIME IMINUTESI 
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FIGURK IVB 

VISCOSITY VS. TIMf 
COMPOUNDS A, B& CATS 

TIME IMINUTESI 

The shape of these induction curves depends primarily upon 
the following compound variables: 

— Type and concentration of catalyst 

— Chemical type of urethane 

— Polymer concentration 

— Average molecular weight of reacting species 

— Reaction exotherm 

in a given polyurethane system, the catalyst has the greatest 
influence on the shape of the compound's induction curve. 
In Compounds A, B and C this variable was constant and 
allowed us to study the effect of other variables on the 
curves. 

The effect of the average molecular weight of reacting 
species and reaction exotherm can be seen by comparing 
the curves of Compounds A, B and C at 75°F. At this 
temperature, the castor oil compound (B) actually decreases 
in viscosity for a period, due to the reaction exotherm and a 
relatively high concentration of low molecular weight 
reacting species. The rate of reaction rapidly overcomes this 
viscosity decrease (due to the reaction exotherm) — the 
viscosity then increases rapidly to gel. The polyether com- 
pound (A) does not decrease in viscosity after mixing, re- 
maining relatively constant for 10-15 minutes. Within this 

time interval, the reaction of the higher molecular weight 
polyether polyols balances the viscosity decrease due to the 
reaction exotherm. In contrast, the polydiene compound 
(C), with its relatively low reaction exotherm and high 
molecular weight species, increases in viscosity quite rapidly 
exhibiting little or no induction period. 

It can be seen that temperature does not apprec ably alter 
the general shape of the curves. At higher temperatures, the 
curves are displaced downward toward lower viscosities and 
are compressed because of the faster gel time. The reverse 
being the case at the lower temperatures. 

The optimum shape of the induction curve to best satisfy 
the requirements of a universal compound can be debated. 
It has generally been accepted that a curve comparable to 
Compounds A and B would be optimum for damming pulp 
cable. Presumably, the compound has time to penetrate 
into tiie conductor bundle, sheathing and insulation before 
rapidly increasing in viscosity. On the other hand, only 
compound penetration between the sheathing and into the 
conductor bundle is required in PIC cables. Compounds 
with induction curves comparable to A and B may flow too 
far down the cable, resulting in an excessively long bloc cc 
splice. Some manufaciurers have recommended mixi ig 
their compounds and waiting fov a specified time until the 
viscosity of the compound has increased in order to over- 
come this. In this case, an induciion curve comparable to 
that of Compound C probably would be optimum. It is our 
opinion that a compound possessing an induction curve 
between the two extremes might be optimum. 

SUMMARY OF INITIAL WORK 

From the results of these studies the reasons for our non- 
reproducible attempts to block PIC and pulp cable by a 
sheath injection method with Compound A were apparent. 

1) The mixed viscosity of the resin was extremely tempera- 
ture sensitive and too high to thoroughly penetrate the 
conductor bundle of the pulp cable, particularly at low 
temperature. Similarly, it could not progress far enough 
between the inner and outer sheath to reliably effect a 
block in PIC. 

2) Its gel time was too long to prevent compound flow 
down paths of least resistance in PIC, although this was 
partially compensated for by its relatively high viscosity. 

3) It did not cure at temperatures of 40°F or below. 

4) Its induction curve was suitable for blocking pulp but 
not optimum for PIC cable. 

These deficiencies were further exemplified by studying 
leak paths with dye solutions and plotting compound flow 
profiles from 2" cross sections of failed cable samples. The 
results showed that the majority of the PIC failures occurred 
between the inner and outer sheath interface, while the 
pulp specimens leaked near the center or bottom of the 
conductor bundle. In addition, the frequency of failure was 
proportional to the pair count. This can only be generalized 
because of differences in cable design and uniformity. 

Also apparent was the fact that neither Compound B or C, 
as formulated, would satisfy the requirements of a universal 
resin. However, it was concluded that Compound C 
possessed more potential than either A or B, particularly 
with regard to its low temperature curing capability, and 
lower reaction exotherm. Thus, we initiatef* our formula- 
tion studies utilizing the basic starting materials of a 
hydroxy-terminated polybutadiene of about 2500 molecular 
weight and a polyaromatic polyisocyanate. 
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A UNIVERSAL CANDIDATE - COMPOUND U 

From our previous studies on Compounds A, B and C with 
regard to gel time and viscosity as a function of tempera- 
ture, we were able to establish what we felt were specific, yet 
realistic target ujquirements to insure that Compound U 
would initially perform in both cable splices and dams over 
a broad temperature range. In addition, we hoped that 
reformulation would not alter Compound C's excellent 
cured properties of low temperature flexibility and hydro- 
lytic stability. These requirements are outlined in Table III. 

TABLE III 

TARGET REQUIREMENTS - COMPOUND U 

20° F 750F 98° F 

VISCOSITY 
MIXED (cps) < 10,000 1,000- 

1,500 > 500 

GEL TIME (Min.) 120 15-20 >   10 

EXOTHERM (°F) - - < 175 

Recall that the primary deficiencies of Compound C were 
a short gel time, a high mixed viscosity and possibly its 
steep induction curve. 

Let us now compare Compound U and C in the manner of 
our earlier studies. 

MIXED VISCOSITY VS. TEMPERATURE 

The average mixed viscosity-temperature profiles for Com- 
pounds C and U are shown in Figure V. 

FIGURE V 

AVERAGE MIXED VISCOSITY 
TEMPERATURE PROFILE 

COMPOUNDS C8i U 

O > -- 

COMPOUND C 

COMPOUNDU 

I I I I I I h 
MI        so        '.O'.i       I;ü        140       160        iso 

TEMPERATURE I  Fl 

From Figure V it was apparent that the mixed viscosity c f 
Compound U was significantly lower than that of Co.r - 
pound C and very close to the target requirements, li. 
general, the viscosity of Compound C was lower.'d by 
blending the viscous polydiene polyol with ltas viscous, 
compatible polyols and by the addition of a plasticizer of 
very low volatility. 

GEL TIME VS. TEMPERATURE 

It was hoped that the excellent low temperature curing 
capabilities of Compound C would not be sacrificed by 
the modifications required to formulate Compound U. 

FIGURE VI 

GEl  TIME VS TEMPERAUJHE 
COMPOUNDS C & U 

I 

COMPOUND r 

H \- 
GEL TIME  IMINUTESI 

From Figure VI it was apparent that the gel times of 
Compound U, over the entire temperature range, fall 
within the target requirements. From this data, it was felt 
that the following conservatively stated times to cable 
pressurization could be established for Compound U. 

TABLE IV 

TIME TO PRESSURIZATION 

Temperature ( F) Time (Min.) 
20 120 
40 60 
75 30 
95 30 

These times are considerably shorter than any we have 
previously recommended. 
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REACTION EXOTHERM 

Compound U, during cure, fortunately exhibited moderate 
reaction exotherms comparable to Compound C. At 20°, 
75° and 98° F the measured exotherms of a 100 gram mass 
were 55°, 145° and 1660F respectively. 

VISCOSITY VS. TIME 

The induction curve.» of Compound U, Figures VIIA and 
VIIB closely paralleled those of Compound C, except that 
they were displaced due to the longer gel time of Com- 
pound U. Altho igh Compound U shows little induction 
vwriod at 75° and 98° F, it is significant to note that its 
viscosity remained below 10,000 cps for about 80% of the 
time required to gel at both temperatures. 

It was felt that this should allow sufficient time to pene- 
trate the conductor bundle (and the insulation in the case 
of pulp) and between the sheaths of the cable. 

FIGURE VIIA 

VISCOSITY VS TIME 
COMPOUNDS C 8. U AT 20 F & 76 F 

FIGHEVIIB 

TIME (MINUTES) 

SURFACE TENSION STUDIES 

In a brief study, the addition of various surfactants tc 
Compound U was investigated in order to lower its surface 
tension. It was theorized that this would increase the pene- 
tration of the resin through the pulp insulation as well as 
increase resin wetting of the polyolefin insulation in PIC 
cable. Despite the fact that we could significantly lower the 
surface tension of the mixed resin from about 35 dynes/cm 
to 29 dynes/cm, it did not appear to influence either the 
rate or the amount of resin penetration through the pulp 
insulation. 
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VISCOSITY vs riMf 
COMPOUNDS U 8. C AI 98 l 

CUMPUUNU U 
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TIME (MINUTES! 

Apparently, the critical surface tension of wetting of s 
polar substrate such as pulp is so high that it is easily wet 
by most liquids, thus viscosity is the most important 
parameter influencing penetration. On the other hand, the 
critical surface tension of wetting of a polyolefin is so low 
that no known liquid effectively wets it without surface 
pretreatment. Thus, there would be no advantage in adding 
surfactants to the resin in either case. 

SUMMARY - COMPOUND U 

It would appear then that we have, at least in theory, 
optimized the important variables of gel time and viscosity 
as a function of temperature and of mixed viscosity as a 
function of time. 

In addition from the tabulated properties of Compound U 
in Table V it can also be seen that neither the excellent low 
temperature flexibility nor the hydrolytic stability of Com- 
pound C were compromised during reformulations. 
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Uncured Properties 

• Viscosity (cps, 250C) 
Pre polymer 
Poiyol 
Mixed (1 minute) 

• Gel Time (Min., 250C) 

• Maximum Exotherm (0C) 

TABLE V 

PROPERTIES OF COMPOUND U 

Method 

Brookfieid Viscometer 

Sunshine Gel Meter, 
100g mass 
100g mass 

II.    Cured Properties 

• Tensile Strength 
• Elongation (%) 
• Hardness (Shore A) 
• Density (gm/cc) 
• Volume Shrinkage (%) 
• Copper Corrosion 
• Fungus Resistance 
• Hydrolytic Stability 

(7days,H20,100 C) 
a) Weight increase (%) 
b) Shore A (Loss) 

• Heat Stability 
(21days,1350C) 
a) Weight Loss (%) 
b) Shore A Increase 

• Thermal Shock 

• Glass Transition 
Temperature (0C) 

III.    Electrical Properties 

• Dielectric Strength 
(volts/mil) 
(125 mil sample) 

• Dielectric Constant 
(103Hz,25oC, 50%RH) 

• Dissipation Factor 
• Insulation Resistance (ohms) 

(28 days, 40oC, 96% RH) 

*3M Internal Test 

APPLICATION TESTING 

ASTM D-149-64 

ASTM D-150-70 

ASTM D-150-70 
3M* 

Value 

900-1200 
550-800 
700-800 
14-17 

63 

ASTM D-412-68 500-600 
ASTM D-412-68 150-200 

70-73 
3M* 1.08 
3M* 1.50 
3M* None 
ASTM C 21-70 "0" Growth 
3M* 

1.5 
10 

3M* 

2.5-3.5 
15 

3M* (10 Cycles, 1/4" Insert, 
-55oCtol30oC) 

No Cracking 

DTA -80 to-60 

450-500 

4.2 

.038 
7x10" 

It now remained to be proven in the laboratory whether the 
theoretical properties which we designed into the compound 
would function in a cable to give a reliable dam with a long 
service life. 

SAMPLE PREPARATION 

To accomplish this, sample plugs were prepared using the 
direct sheath injection (i" window) method and injecting 
the compound from tubes with an injection gun. 

Small PIC and pulp and large PIC and pulp samples were 
injected at three different temperature conditions, 20°, 70° 
and 95°F. They were conditioned at these temperatures 
for 2 hours prior to being injected. The test included 24 
amples each of PIC and pulp cables. 

TEST PROCEDURE 

The PIC samples were placed in a temperature cycling 
chamber and cycled from -40° to 140°F (3 cycles per 24 
hours) for 50 cycles with 10 psig nitrogen pressure main- 
tained on the samples. The pulp samples were cycled from 
0° to 100° F (3 cycles per 24 hours) also with 10 psig 
nitrogen pressure. At the end of the 50 cycles, the leakage 
rate was measured using a Mass Flow Meter as per Figure 
VIII. A maximum leak rate of lec/min. was permitted for 
PIC samples and 10cc/min. for pulp samples. These measure- 
ments were taken with the samples stabilized at 0°, 40° 
and 95° F. Tables VI and VII give these leak rates for 
samples plugged using the direct sheath injection method. 
Table VIII tabulates the data for plugs using a method of 
completely opening up the cable, removing sheaths and 
shields, placing a sleeve over the opened cable, pouring 
in approximately 3/4 of the compound and injecting the 
balance. 
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AIR   PRESSURE REGULATOR 32   PORT   MANIFOLD 

■' # # -y-' 

AIR FLOW 

TRANSDUCER 

(MASS FLOW 
METER) 

SHUT  OFF VALVES 

CHART RECORDER 
ENVIRONMENTAL   TEST   CHAMBER 

FIGURE VIII.CABLE   PLUG TEST FACILITY 

TABLE VI 

PERFORMANCE TEST DATA FOR DIRECT SHEATH INJECTION 

PIC CABLE LEAKAGE RATE cc/tnin. 

SAMPLE 

0F 
PREP. CABLE 

j                 NO. TEMP. SIZE 0oF 40° F 95° F EXPLANATION               1 

1 20 100/26 0 0 0 
i                     2 20 100/26 41 6 1 Semkit Break 

3 20 100/26 0 0 0 Short Resin 
4 20 100/26 0 0 0 
5 20 900/26 0 0 0 
6 20 900/26 0 0 0 
7 20 900/26 0 0 0 
8 20 900/26 0 0 0 

9 95 100/26 0 0 0 
10 95 100/26 0 0 0 
11 95 100/26 0 0 0 
12 95 100/26 0 0 0 1 
13 95 900/26 0 0 0 
14 95 900/26 0 0 0 
15 95 900/26 0 0 0 
16 95 900/26 0 0 0 

17 70 100/26 0 0 0 
18 70 100/26 0 0 0 

1                   19 70 100/26 0 0 0 
20 70 100/26 0 0 0 
21 70 900/26 0 0 0 
22 70 900/26 0 0 0 
23 70 900/26 0 0 0 
24 70 900/26 0 0 0 
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TABLE Vll 

PERKORMANCE TEST DATA 

STALPETH CABLE LEAKAGE RATE :c/min. 

SAMPLE 
"F 

PREP. CABLE 
NO. TEMP. SIZE 0oF 40° F 95^ EXPLANATION                   | 

|                     1 20 300/26 0 0 0 
1                      2 20 300/26 3.1 0 0 

3 20 300/26 0 0 0 

1                      4 20 300/26 0 0 0 
5 20 2400/26 7.5 0 0 
6 20 2400/26 0 0 0 
7 20 2400/26 0 0 0 
8 20 2400/26 0 0 0 

9 95 300/26 0 0 0 
10 95 300/26 0 0 0 
11 95 300/26 0 0 0 
12 95 300/26 0 0 0 
13 95 2400/26 0 0 0 
14 95 2400/26 0 0 0 
15 95 2400/26 0 0 0 
16 95 2400/26 7.0 3.6 0 Compound leak around             { 

17 70 300/26 0 0 0 flange during resin 

18 70 300/26 0 0 0 injection                                     i 

19 70 300/26 0 0 0 
20 70 300/26 0 0 0 
21 ?0 2400/26 2.0 0 0 
22 70 2400/26 0 0 0 
23 70 2400/26 0 0 0 
24 70 2400/26 11.5 0.4 0 Injection Problem                       | 

Semkit Breakage 

TABLE VIII 

PERFORMANCE TEST DATA OPEN SHEATH METHOD 

PIC CABLE LEAKAGE RATE cc/min.                        j 

SAMPLE 
NO. 

0F 
PREP. 
TEMP. 

CABLE 
SIZE 0oF 40° F 95°F 

1 
2 

20 
70 

600/24 
600/24 

0 
1 

0 
0 

0 
0 

STALPETH CABLE LEAKAGE RATE cc/min.                         j 

3 
4 

20 
70 

2400/26 
2400/26 

2 
2 

0 
0 

0                | 
0                 j 

After the above testing, PIC samples 6, 13 and 24 from 
Table VI and pulp samples 6, 13 and 22 from Table VH 
were then thermally aged for 140 days at 140oF (60oC) 
together with sample sheets of the cured Compound U. 

Table IX gives the weight loss of Compound U and Table X 
gives the leakage rates of the sample blocks. 

TABLE IX 

THERMAL AGING OF COMPOUND U, 140° F (60oC) 

SAMPLE NO. DAYS % WEIGHT LOSS 

HARDNESS                           1 
ALL SAMPLES - AVG.                  1 

INITIAL FINAL             j 

1 
2 
3 

90 
90 
90 

- 0.12 
- 0.125 
- 0.13 

65 73 
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TABLE X 

BLOCKED SAMPLES 

THERMAL AGED AT 140oF (60QC) 

SAMPLE NO. 

PIC DAYS LEAKAGE cc/min. 

6 
13 
24 

6 
13 
24 

6 
13 
24 

30 
30 
30 
60 
60 
60 

140 
140 
140 

STALPETH 

6 
13 
22 

6 
13 
22 

6 
13 
22 

30 
30 
30 
60 
60 
60 

140 
140 
140 

0 
0 
0 
0 
0 
0 
5 

15 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 

SUMMARY 

In summary, Compound U was developed based on theo- 
retical considerations. The compound's final test was its 
ability to provide a reliable dam in both PIC and pulp cable 
of different cable sizes and over a wide temperature range. 
As shown by performance data in Tables VI and VII, this 
goal was realized. Thus, it appears that a significant step 
has been taken towards the development of a universal 
plugging and splice encapsulating compound. 
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OPTIMUM SHIEUED TWISTED  PAIR CABLE 

DESIGN FOR DIGITAL DATA TRANSMISSION 

By 

3, W. Klncald, Jr. 
Beiden Corporation 
Richmond, Indlana 

ABSTRACT PROTOTYPE CABLE DESIGN 

Shielded, twisted pair cable design In relation 
to application In balanced digital data transinlialon 
links Is discussed.    Measured attenuation,  107. - 90% 
rise time and 20% peak-to-peak time jitter as a func- 
tion of bit rate and transmission distance are pre- 
sented for a selection of prototype test cables. 
Theoretical results  for attenuation are discussed. 
The basic balanced   (differential) digital data trans- 
mission link Is reviewed.    Selection of an optimal 
cable to meet specific bit rate and distance of trans- 
mission requirements  is discussed. 

INTRODUCTION 

This paper presents answers to some of the 
questions asked by users snd manufacturers of digi- 
tal computer based systems regarding selection of 
shielded, twisted pair cable for digital data trans- 
mission.    Coaxial cable has been treated extensively 
in the literature and there seems to be adequate 
technical data available for the successful applica- 
tion of this type cable for computer based applica- 
tions.^    With respect to shielded twisted pair cable 
the attention received has been much less and certain 
aspects of shielded twisted pair design which are 
critical for optimum performance in balanced digital 
data transmission links have not been readily avail- 
able. 

Questions relating tc cable size, capacitance, 
impedance, shielding, etc., are routinely answered 
for many applications.    However, special efforts 
have been required to determine the attenuation and 
bit rate versus transmission distance characteristics 
of shielded, twisted pair cable. 

Optimal cable design,  in the most general sense, 
must take many factors into consideration.    The 
final cable design must meet all physical and elec- 
trical characteristics the user may impose, as well 
as conform to applicable Industry or government 
standards. 

Thla paper concentrates on presenting the 
attenuation and bit rate versus transmission dis- 
tance characteristics which are requisite for optimal 
digital data transmission. 

Attenuation of shielded twisted pair cable has 
been treated theoretically,2    However, the rise time 
characterlsttca, upon which bit rate veraus trans- 
mission distance capability is dependent, sre not 
known to be accurately deacribed by theory.    To 
overcome this lack of theory concerning rise time 
response, and to provide experimental attenuation 
data for correlation with theoretical results, 
a selection of prototype cables was manufactured 
and tested. 

The prototype designs were selected to allow a 
study of measured sttenuatlon,  101 - 90% rise time 
and percent peak-to-peak time Jitter under the fol- 
lowing three dealgn conditions: 

I. Variable conductor diameter,   (d), with con- 
stant cable diameter under the  shield,   (D). 

II. Variable cable diameter under the  shield,   (D), 
with constsnt ratio of conductor diameter to 
insulation wall thickness,   (d/w). 

III. Variable cable diameter under the shield,  (D), 
with constant conductor diameter,   (d). 

A cross-section of the typical prototype cable 
is given in figure 1. 

The essential features of the prototype cable 
construction are sunmarited in table  I. 

TAPE  SHIELD  WITH DRAIN WIRE 

ROD   FILLER 

PVC   JACKET 

- - BARE  COPPER  CONDUCTOR 

SOLID   INSULATION 

FIGURE   I-TYPICAL    CROS S-SECTION. 
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Table 1 

Construction Sumnary for Prototype Cables 

Jacket:       Polyvinylchloride. 

Shield:       1007. coverage mylar/foil tape with 
drain wire. 

Fillers:      2 solid polyethylene rods. 

Insulation:   Solid polyethylene (see figure 2 
for thickness). 

Conductor:    Bare copper (see figure 2 for 
diameter). 

Pair Lay:     Ten times cable diameter under 
shield. 

Unbalance:    Capacitance, less than 57., 
Resistance, less than 57.. 

Design points for the prototype cables are 
given in figure 2 which is a plot of uninsulated 
conductor diameter, (d), versus thickness of insul- 
ation wall, (w). The straight lines with constant 
positive slope correspond to combinations of con- 
ductor diameter, (d), and insulation wall thickness, 
(w), which result in constant characteristic Im- 
pedance, (Z), and cable capacitance, (C). The 
curves with negative slope are for constant cable 
diameter under the shield, (D). The theoretical 
Impedance and capacitance data Is applicable to 
solid polyethylene insulated shielded pairs and is 
in close agreement with measured capacitance and 
impedance determined for the prototype cables. 
Each prototype cable Is Identified in Figure 2 with 
a number. Table 2 associates groups of prototype 

CAPACITANCE-PF/FT *- 

numbers with the appropriate design condition under 
study. Thus design condition I was studied with 
groups IA and IB; design condition II was studied 
with groups IIA and I1B, and design condition III 
was studied with groups I1IA, IIIB, and IIIC. Test 
data presented Ister in the paper references this 
notation system. See the appendix for s definition 
of capacitance unbalance, resistance unbalance, 
cable capacitance and Impedance. 

Table 2 

Design Condition Versus Prototype Design Number 

Design 
Condition 

Prototype   Design    Number 

12  34  5  6  7  8 9 10 | 

I, Variable 
(w,d) cons- 
tant (D) A A A A A A B B 

II, Variable 
(D) constsnt 
(d/w) B A A B A 

III, Vari- 
able (W,D) 
conatant (d) 

LH«I 

B A C 

_ 

C A A 0 

ATTENUATION OF PROTOTYPE CABLES 

Experimental Procedure 
Attenuation of each of the prototype cables was 

measured with the test set-up diagrammed in figure 3. 

V) 

ÜJ 

Ui 

< 
O 
a: o 
t- 
o 
O 
z o 
Ü 

ac 
< 
CD 

20 30 40 50 

INSULATION  WALL  THICKNESS IN  MILS-(w) 

FIGURE  2- CAPACITANCE    AND   IMPEDANCE    CHART. 
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Attenuation of the thleldcd twlcted pair It 
found from the following expression: 

Ö<=   C<    —   c<       DECIBELS/UNIT      (I) 

* ,f 2f LENGTH 

OC   =    20-L0Glft 
if ,0 

C<   =   20-L0GiÄ 
Zf l0 

IVz, 
(2) 

Vaz' 

CABLE 
NSERTION 

POINT 

•BAL/UNBAL 
TRANSFORMER 

^-BAL/UNBAL 
TRANSFORMER 

FIGURE   3 —BALANCED INSERTION   LOSS 
TEST   SET-UP. 

0^-»   Is the reference level determined with a 
1 foot length of the prototype cable under test. 
When the full length sample Is Inserted as Indicated 
In figure 3 the loss level changes to OC,» . 

I VJJ I and I V| I are the amplitude In volts of 
sinusoidal signal, ri  frequency, f, In hert«, at 
the output and Input of the cable test circuit, 
respectively. 

The balanced to unbalanced transformers provide an 
Impedance mismatch no greater than 107. of the charac- 
teristic impedance of the prototype cable under test. 

Test Results 

Test data for design conditions IA, IIA, and IIIA 
are presented in figures 4, 5, and 6 respectively. 
Test data for the remaining conditions are in 
agreement with the trends established by the re- 
ported data. When plotted on log-log paper, the 
measured attenuation versus frequency data does not 
yield straight line curves of constant slope. For 
engineering purposes, however, the curves in figures 
4, 5, and 6 have been made straight line approxima- 
tions of the measured data. 

D«ilgn condition IA results: Variable (w.d). 
constant (D). Data plotted in figure 4 indicates 
too large a conductor (Prototype #1,2) or too small 
a conductor (Prototype #6) will result in excessive 
attenuation. The data indicates there Is a conductor 
to insulation wall thickness ratio which gives mini- 
mum attenuation, but is Inconclusive in establishing 
the optimal value.  In terms of impedance the data 
means there is an optimal impedance which gives min- 
imum attenuation. 

5. 

4. 

21 3.' 

u. 
O 

hi 

o 
UJ 
o 

2. 

PROTOTYPE   NO.   I 
6 

3,4.5/ 

^^ 

I.                     4. 10. 30.    50. 

FREQUENCY  MHZ 

FIGURE   4  OC   VERSUS FREQUENCY. 

5. 

4. 

3. 

2. 

I. 

i 

X 

PROTOTYPE   NO. 10 

/ 

5 ^ 

Tl 
4. 10. 30.   50. 

FREQUENCY—   MHZ 

FIGURE   5     o<.  VERSUS   FREQUENCY, 

5. 

PROTOTYPE    NO- 9- 

(*l 

4. 

3. 

2. 

.5 

8 

^ 

tl 
I, 4. 10. 30.    50. 

FREQUENCY —  MHZ 
PIGURE    6    oC VERSUS   FREQUENCY. 
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Deiign condition IIA retultt:    Varlablt  (D). 
congtant  (d/w).      Data plotted  In figure 5 Indicate! 
that for fixed  Impedance,  or conatant  (d/w) ratio, 
the larger the conductor diameter,   (d),  the less 
the attenuation, 

Dealgn condition IIIA reaulta;    Variable  (w.D). 
conatant  (d).      Data plotted  in  figure 6 Indicate« 
that for conatant conductor diameter, the attenua- 
tion decreases as insulation wall thickness Is  in- 
creased.    This  implies that  to obtain minimum atten- 
uation the characteristic  Impedance should be as 
high as possible.    However, design condition IA 
results  indicate that  for a  given cable diameter 
under  the shield  the  impedance  or   (d/w)  ratio may 
be adjusted  for minimum attenuation. 

The results obtained are analogous to the well 
known impedance versus attenuation theory of coaxial 
cable.      The  results are  in  general  agreement with 
the theory of  "Shielded Cable System" developed by 
S. P.  Mead.4 

Mead's Theoretical Results 

S.  P. Mead has derived  the  equations  from which 
proportioning ratios  for minimum attenuation in 
twisted pair cables at high frequencies may be deter- 
mined.      At high  frequencies,  where (jTT'f Lj    ^s 

large compared with R2,  and  the  leakage,G,is zero, 
the attenuation per unit  length  Is  given by: 

10. 

T3 

I. 

.4 

.1 

.04 

.01 

1 

1        \ 

/ 

/■' 

\ / 

/ 
/ 
/ 

\ 
1 

1 

o o 
II a i \ 

2 o 
o 
II 

/ 

/ ^ o 
IO 

II 
o 

1 
1     1 
1 
1     1 

10 20       30 
— mils 

40 SO       60 

o< NEPERS/UNIT 
LENGTH 

(4) 

Where R,  L,  and C are  the distributed  lesistance, 
Inductance,  and capacitance  for  the element of  a 
transmission  line given In  figure 7.^ 

o—W—OOP— 

FIGURE   7-DISTRIBUTED   MODEL  FOR 
TRANSMISSION   LINE. 

Under these conditions.  Mead has  shown       OC i-s 

given by: 

*- 
VL 

(5) 

Where   £   is  the relative dielectric constant of 
the insulation, V Is the velocity of light, R Is 
the high frequency resistance of the conductor, L is 
the inductance of the cable, and F    is a function 
of cable dimensions which may be minimized.    It 
follows that the cable dimensions which make F      a 
minimum also make    OC    a minimum.    Mead's work 
should be referenced  for detail on the assumptions 
made and the various formulae which were derived. 
The formulae, which are too involved to reproduce 
here, were implemented in Fortran IV and solved 
on the company operating system.    Certain results, 
which were not made explicit   in the patent,  and 
have not been  located otherwise  in the  literature 
are given in  figures 8,  9,  and  10. 

FIGURE   8 —INCREASE   IN   (X   DUE 
TO   NONOPTIMAL    d. 

Figure 8 presents the theoretical  Increase  in 
attenuation  over the  theoretical minimum  for cable 
diameter under the  shield equal to  .100",   .200", 
and   .300".     The curves are valid at  50 MHz  and 
would  shift  up at higher frequencies and down at 
lower  frequencies.    Due to Mead's  proportioning 
ratio  for minimum attenuation,  the conductor dia- 
meter must  Increase as the cable diameter under the 
shield   increases. 

Q 
Ul 
N 

< 
2 
QC 
O 
Z 

.100 .200 
-INCHES 

.300 

FIGURE    9 — oC    VERSUS    D, 
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Figure 9 plot! change In theoretical minimum 
attenuation for changing cable diameter under the 
•hieid. The plot Is normalized bated on minimum 
theoictlcal attenuation obtained for  .200" cable 
ulamilcr under the shield. 

1.4 

1.3 

t- 
u. 

§1.2 

CD 
O 

I.I 

o 
UJI.O 
N 

< 
z 
«,9 o z 

.8 1 
50. 100. 150. 200, 

IMPEDANCE —OHMS 

FIGURE  10—     0<      VERSUS     Z. 
Figure 10 gives normalized curves for Impedance 
versus attenuation.    The curves are normalized 
based on the minimum attenuation obtained  for 
dielectric constant equal to 1.6. 

It Is clear that shielded twisted pair cable 
may be designed for minimum attenuation.    If for 
a particular application there are overriding 
factors which specify certain design features such 
as conductor diameter, or  insulation ir.iterlal,  It 
Is still feasible to analyze the effect of these 
features on attenuation and adjust the unspecified 
parameters to achieve low attenuation. 

DATA TRANSMISSION ON THE BAUNCED LINE 

A brief review of certain basic aapects of 
digital data transmission la In order prior to 
describing the bit rate versus transmission dis- 
tance capabilities of shielded twisted pair cable. 

Balanced data links are used to trsnsmlt digit- 
al data between system components In a wide variety 
of computer baaed applications.    Balanced trans- 
mission Is advantageous over unbalanced trans- 
mission when system ground shifts or electrical 
disturbances between system components could make 
unbalanced links unacceptably error prone.    One 
disadvantage of unbalanced coaxial links Is that 
electrical dlaturbances may be coupled Into the 
link by the shield which may be part of the signal 
carrying path.    With shielded pair cable, however, 
the shield Is not directly a signal carrying mem- 
ber.    Additionally,  electrical disturbances which 

do traverse the shield may be neutralized by the 
twist of the conductors or the common mode rejection 
capability of the line receiver.    The common mode 
noise rejection ratio and nolae margin of balanced 
links are dependent on line driver - receiver 
dealgn and ultimately determine the bit rate versus 
transmission dlstsnce characteristics of the balanced 
transmission link. 

A simplified diagram of a typical balanced 
digital data link Is shown In figure 11.    The twisted 
pair cable Is an Important part of the data link 
and  for a given line driver - receiver combination 
the cable design will determine the bit rate and 
transmission distance capabilities of the  link. 

BINARY 
INPUT 

A 
—*'   NRZ 

B    SIGNAL 

D 

» 

BINARY 

OUTPUT 

BALANCE 
LINE 

DRIVER 

BALANCED 
LINE 

RECEIVER 

FIGURE    II —BALANCED 
NRZ BASICS 

DATA  LINK. 

Digital signals which may typically occur at 
driver Input, driver output, and receiver output 
of figure 11 are ahown In figure 12a, 12b, and 12c 
respectively. 

-1 1 
Ui 
> 
w 
-1 0 

Ü 

iO 1 
o I 
_l 1 

0 

-*    tft 'm 

i time 
♦     (a) 

1 

A 

1 
1 

time 

ß 

(b) 

/^t   ^t  ^t 
M  Intime 

At    At 

(c) 

FIGURE   12— DIGITAL   SIGNALS. 

The particular line driver output configuration 
of figure 12b Is referred to as N0N-RETURN-T0-ZER0 
(NRZ) code.    Here, the uncomplemented output. A,  la 
applied to one conductor of the twlated pair cable 
and the complemented output, B,  Is applied to the 
remaining conductor. 

Bit rate for the NRZ code la defined to be 
the reciprocal of "tm".    As shown In figure  12a, 
"tm" Is the minimum slgnsl time duration at the 
logic "one" or "zero" level.9 

P««k-to-PMk tlae lltttr. ^f , la shown in 
figure 12c to be twice the maximum time difference 
between the switching Instants of the binary Input 
signal to the driver and the binary output signal 
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from the receiver.    If the time Jitter li  large 
enough, It  li penible for the binary output 
signal bits to overlap,  thus causing error or change 
In the original bit pattern.10 

Percent peak-to-peak time  Utter Is given by 
the following expreaslon. 

%   ^t =  100 
pp 

^t/t. m (6) 

The amount of peak-to-peak time Jitter which can 
be tolerated la dependent on the line driver - 
receiver design.    However,  for any given line 
driver - receiver design the amount of peak-to-peak 
time Jitter for a given bit rate and transmission 
dlstsnce Is determined by the cable design. 

RISE TIME AND TIME JITTER RESULTS 

Experimental Procedure 

The equipment set-up diagrammed  in Figure 13 
waa used to measure peak-to-peak time  Jitter, and 
107. - 90% rise time of the  prototype cables.    The 
set-up simulated  the differential data link of 
figure II.    The receiving end of the cable was 
parallel terminated in its characteristic  impedance 
across the differential probe terminals.    This 
arrangement obviated the line receiver.    The psuedo 
random binary sequence  (PRBS) generator with comple- 
mentary outputa provided binary sequences  up to 
215-1 bits long.    The PRBS generator simulated the 
line driver and essentially provided to the cable 
the combinations of bits,or voltages corresponding 
to "0" on "I" logic  levels,  which could be contained 
in binary code to be transmitted by the line driv- 
—.12 

SCOPE PR.B.S.   DATA    GEN. 

FIGURE   13—EYE   PATTERN    TEST. 
The oscilloscope was used to monitor the cable 

output.    Triggering was provided by the PRBS clock. 
The oscilloscope display for any given cable length 
and clock frequency is referred to as an eye pat- 
tern.    As shown in figures 14 and  15, both rise 
time and peak-to-peak time Jitter may be read from 
the eye pattern. 

Measured 107. - 907. rise time results.    Test data 
for design conditions IA,  IIA, and IIIA are pre- 
sented in figures 16,  17,  and  18 respectively. 
Teat data for design conditions IIB and IIIB, C la 
in agreement with the trends reported  for design 
conditions  IA,  IIA,  and IIIA. 

^.t At 

FIGURE   14—  EYE   PATTERN. 

90%— 

10 % 

FIGURE    15— RISE TIME. 
Design condition IA results: Variable (wxd). 

constant (D). Data plotted In figure 16 indicates 
the rise time decreases with increasing cable 
Impedance (for constant diameter under the ahield) 
for prototype cable lengths between 400 feet and 
2000 feet. For the 100 feet and 200 feet prototype 
cable lengths, the precise relationship could not 
be resolved. However, the measured values were 
within the limits Indicated in figure 16. The data 
does not Indicate the existence of an optimum insula- 
tion thickness to conductor diameter ratio for which 
rise time is minimum. 

i PROTOTYPE    NO.        65432 1 zuuo.- III HI 
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.01      .03          .1         .3           1.         3- 
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FIGURE    16— LENGTH   VERSUS  TIME. 
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Detlgn condition IIIA retultt!    V«rUbl«  (w.D). 
conttant  (d).    Data plotted in figure 17  Indicates 
that «a Inaulatlon wall thlckneaa  la  Increaaed with 
conatant conductor diameter the riae time decreasea. 
In terma of impedance thia impllea the higher the 
impedance, the shorter the riae time.    The data 
indlcatea the increaae  in impedance  from 95 Ohms 
to 110 Ohm»  reducea  riae  time disproportionately 
more than the Increaae from 110 Ohma to 120 Ohm». 

i i 

PROTOTYPE    NO.          4 8 9 
2000.- 

/// 
1600; III 

"l 
11 

1000. til 
8 00. JJ) 

/  /   / 
400. //    / 

'/        / //             ' 
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2 00.- //                  / 
//              / 

/         ^ //       / 
i on -J, ^ . ,             ■ i 

.01      .03 .1 .3 I- 3. 
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Deatw condition IIA reault»! Variable (D). con- 
atant (d/w). Data plotted in figure 18 indicates 
that for the 1600 feet and 2000 feet transmission 
distances, the prototype cable with the smallest 
conductor provides marginally greater riae times 
than the cable with the largeat conductor. However, 
for prototype sample lengtha less than 800 feet, 
the larger conductor provides much shorter rise 
times than the small conductor. This implies that 
for equal impedance cables, the cable with the 
greater cable diameter under the shield will dis- 
play much shorter rise times up to a certain point, 
beyond which, the smaller cable could be used with 
only alight loss of riae time. 

Meaaured 207. peak-to-peak time Utter. Figures 
19, 20, and 21 present bit rate versus transmission 
distance operating limits for prototype cablea of 
design conditions LA, IIA and IIIA. 

Operation limits for a bit rate correaponding to 
four timea the 10% - 907. rise time, which is a 
realistic limit for 07. peak-to-peak time jitter, are 
alao plotted in figures 19, 20 and 21. The limits 
do not preclude successful data transmission at 
higher bit rates or longer transmission distances if 
a code other than NRZ is employed.13 The limits do 
not guarantee time jitter percentages for bit rates 
and transmission distance which fall under the curve. 
Rather, the operating limits are valid when the 
receiver threshold is located at the center of the 
eye pattern, time skew between complementary outputs 
of th« driver, is less than 1 nanosecond, voltage 
levels of the complementary outputs of the driver 
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are matched within 57. and balance of the shielded 
twisted pair is maintained within 57.. 

Test raaulta for the prototype cables tested 
in design conditions IIA, and IIIB, C are not 
presented as they are in agreement with the trends 
established  for conditions IA, IIA and IIIA. 

Dealgn condition IA reaults:    Variable  (w/d), 
conatant   (D).      Operating points or combinationa of 
transmission distance and bit rate which lie between 
the operating limits  for 0% and 207. peak-to-peak 
time jitter would nominally provide leas than 207. 
peak-to-peak Jitter.    For example,  in figure 19, 
each prototype cable could  function with less than 
20% peak-to-peak  Jitter at  1 MHz bit  rate and 
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1000  feet  transmission distance.     The  transmission 
distance and bit rate at 07. or 207. peak-to-peak 
jitter Is greater for the prototype cable with 
greater Impedance.    For a tranamlsslon distance 
of 2000 feet prototype #6 with  165 Ohm Impedance 
would allow more than double the bit rate possible 
with prototype #1 which has 68 Ohm Impedance. 

Design condition IIIA results:    Variable  (w.d). 
constant  (d).      Figure 20 Indicates  thst bit  rate 
and transmission distance can be Increased simply 
by Increasing the Insulation wall thickness while 
keeping the conductor diameter constant.    This 
corresponds to increasing the Impedance of the cable. 

Design condition IIA results;    Variable  (D). 
constant  (d/w).      The data plotted in figure 21 ind1- 
cates that transmission distance and bit rate can 
be Increased by  Increasing the conductor diameter 
while keeping the cable Impedance constant.    The 
amount of Improvement is dependent on the transmis- 
sion distsnce.    For s transmission dis'ance of 400 
feet, prototype cable #7  (with #18 AW     ondurtor) 
• Hows approximately S times the nodv .«:ion rate 
possible with prototype #10  (24 AWG conductor).    For 
1600 feet and 2000 feet transmission distances the 
#18 AWG conductor provides only margin.;"ly higher 
bit  rate capability. 

SELECTION OF OPTIMAL CABLE 

Among the many factors  involved in the selection 
of the optimal cable the signal attenuation and bit 
rate versus transmission distance capability are of 
paramount  Importance.    Though not considered here, 
the physical and electrical characteristics required 
by the cable application, as well as standards im- 
posed by appropriate industry or government agencies, 
must be evaluated when determining the optimal 
twisted  pair cable. 

This paper has reported the results of labora- 
tory measurements  of signal attenuation and bit  rate 
versus transmission distance for a selection of 
prototype cables.     Based on this data  the  following 
general  guideline  is  recotnnended. 

A.    To Insure  low attenuation at high  frequencies, 
shielded twisted pair cable should: 

(1) Specify Mead's proportioning ratios.    For 
cable  similar to  the prototype cables the 
ratio of insulation wall thickness to 
uninsulated conductor diameter should be 
approximately 1.0. 

(2) Specify an insulation material with a low, 
stable dielectric constant and low power 
factor.    Solid polyethylene is an excellent 
choice  for many applications. 
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(3)    Specify conductors which have high conduc- 
tivity.    For skin effect  limited  current, 
silver coated conductors have approximately 
1057. of  the conductivity of bare copper 
conductors. 

B. To obtain high bit rate versus transmission dis- 
tance capability the shielded twisted pair cable 
design should also: 

(1) Specify the cable impedance to be as high as 
Is compatible with the line driver - receiver 
requirements. 

(2) Specify the largest diameter conductor com- 
patible with obtaining the highest allowed 
Impedance. 

It should be noted that the design requirements 
for low sttenuatlon and those for fastest rise time 
are somewhat In conflict.    According to Mead's 
theory there is a definite ratio of insulation wall 
thickness,   (w),  to conductor diameter,  (d), which 
will give lowest or optimum attenuation.    This has 
been substantiated by the laboratory measurements. 
However, the laboratory measurements of rise time 
Indicate the larger the  (w/d) ratio the ahorter the 
rise time.    The data transmission application will 
determine whether low signal attenuation or short 
rise time Is required of the shielded twisted pair 
cable. 
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CONCLUSION 

The  two aspect! of optimal design which  have 
been treated give an accurate account of  the capabil- 
ities of shielded twisted pair cable  for balanced 
transmission of digital data.    New cable designs 
will be Influenced by these results. 

The continuing demand  for this  type cable  in 
many digital  data applications  should  provide  im- 
petus for further work.    In particular,  a  theoreti- 
cal explanation of rise time dependence on trans- 
mission  lengti,  and  the cable parameters,   impedance, 
capacitance,  and attenuation would be most  helpful 
in predicting the bit rate versus transmission 
distance capability of this type cable.    Additional 
laboratory analysis with digital codes other than 
"NR2" would be of Interest because higher bit rates 
and longer transmission distances may be achievable. 

The laboratory analysis for this paper produced 
a considerable amount of test data which will be 
Invaluable as a customer service tool  for digital 
data transmission applications. 
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C«p«clt«nce:      Cable capacitance la calculated 
from the   following expression: 

C - 2-(C2-K:3)-Cl pf/ft 
4 

where Cl, C2, and C3 are determined with a parallel 
capacitance bridge. 

Capacitance Unbalance:  percent capacitance 
unbalance la calculated from the following exprea- 
alon: 

X Unbalance - 100.(C2-C3)/C 

Realatanee Unbalance:  percent resistance un- 
balance la calculated from the following expreaalon: 

7. Unbalance - 100« (R1-R2)/R1 

where Rl  Is the resistance of conductor #1 and R2 
Is the resistance of conductor #2. 

Impedance:    Impedance la calculated  from the 
following expression: 

Z - 101600./(V.C) 

where C la  the cable capacitance and V  la the 
percent velocity of propagation.    A measurement 
technique for V Is given on page 8 of Bulletin 
E104,  "The Measurement of Cable Characteristics", 
1966, General Radio Company. 
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A  large proportion of the  costs   for the 
installation of a cable transmission  line are 
accounted  for by the time-consuming work 
outside the plant, which must be  carried out 
by  trained personnel.   Extensive  automation 
and  rationalization measures have been 
introduced in the manufacture and burying of 
the  cables.   However,  today  this  has   scarcely 
been possible  for the  connection and balanc- 
ing work,  because of the  considerable 
difficulties  met in the  field. 
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Task 

As compared with conventional cables, high 
demands have to be made on the mechanical and 
electrical properties of these new cables for 
realization of the overall concept. 

The installation and maintenance of a high- 
grade PIC-trunk cable line with a minimum 

number of personnel calls for a cable of 
robust design which is easy to handle. High 
tensile strength must be accompanied by the 
lowest possible weigth to ensure that the 
cables can easily be laid even with difficult 
terrain conditions. 

Plug connections for cables instead of coupl- 
ing boxes can be regarded as an optimum 
simplification of field work only when 
balancing work can also be eliminated. This 
calls for extremely small capacity unbalances. 
No local concentrations of unbalance must be 
present within the drum length, in order to 
obviate the need for balancing for both voice 
and carrier frequency operation. These high 
demands can be met only by PIC cable. 

The requirements made on balance-free 
telephone cables, and the possibilities of 
their manufacture were reported on at the 
22nd IWCS (1973). 

A decisive demand made on plastic-core cables 
is adequate protection against the ingress of 
moisture. 

On the one hand,this demand is made even more 
severe by the fact that the filler must not 
have any adverse effect on the transmission 
properties of the cable, and on the other it 
must be possible to locate any defect which 
allows water to enter through the wall of the 
sheath. 

In total, these demands led to the following 
design for a 2it-pair cable, which takes the 
paper-lead carrier-frequency cable in the 
German long-distance network as a basis. 

Cable Design and Manufacture 

Copper conductors with a diameter of 0.9 mm 
and foamed-polyethylene insulation are 
stranded to form star-quads in accordance with 
German requirements. Three star-quads are 
located in the centre of the cable, and these 
are surrounded by nine star-quads. The moist- 
ure barrier is a copolymere-coated aluminium 
strip, which surrounds the cable core 
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the core against  corrosion.   In  addition,   it   is 
light,  and  corrosionproof itself. 

Tensile strength.   The  excellent  tensile 
strength  of the  sheath  stems   from the  use  of 
glassfilaments  as  armouring elements. 

Glass  has  greater tensile strength than steel. 
However,  bundles  of glassfilaments generally 
have relatively  poor  tensile  strength values, 
as  the individual  filaments   are not  uniformly 
loaded under tensile  stresses,   and thus break. 

The glassfilaraent  armour for   ehe cable sheath 
under discussion  comprises  bundled glass 
filaments,   the bundles   themselves  being bonded 
together to suppress   this unfavourable 
mechanism:   the  tensile  load   is  distributed 
evenly  among all   filaments. 

The normal   tendency  to  disintegrate under 
tensile stresses   is   eliminated  and the  tensile 
strength  is  substantially improved. 

Glassfilaments  have  such low  elongation 
properties  that  a  cable armoured with them 
would be rigid.   This   drawback  can be obviated 
by slightly  corrugating the  bundles of glass- 
filaments . 

j 

Fig. 

Fig. 

1  shows   cable end with plug; 
illustration of the  cable  cross- 
section. 

Maximum demands  are made on all work  cycles 
involved in  cable manufacture.   Machines  of 
modern design  are absolutely  essential. 

For example,   the cores  are  insulated   in 
electronically  controlled lines   to guarantee 
the  required  high   jniformity of the  foamed 
polyethylene  insulation as  regards  diameter 
and  degree  of foaming.   The  star-quads  are 
produced in  precision stranding machines with 
a short  lay.   Only in this way,   and by   careful 
selection and matching of the lay  lengths  of 
the  star-quads  and of the  layers,   can  the  low 
and  uniform  capacity unbalances   required for 
freedom from balancing be attained.   The 
injection of polyurethane foam at  definite 
intervals,   the  introduction of the aluminium 
tape with its  strip of glassfibre as  a 
moisture barrier,  and the  extrusion  of the 
polyethylene  sheath are  carried out   in one 
operation,   also using an electronically 
controlled machine.  The high quality  of the 
star-quads  permits dependable quality  control 
using statistical methods. 

Mechanical Properties 

Mechanical properties  are of special 
importance  in  the case of cables with plugs. 
This   aspect   has been taken  into  account  by 
the  development  of a new plastic  sheath with 
fibreglass  armouring.   The mechanically  robust 
cable  sheath  has  the task of protecting the 
core  from the  high tensile  forces  generated 
during cable  installation,   and of protecting 

Worst  case test  for 
glassfibre armouring   (weight   of 
drumlength  =  4l  f of breaking load) 

Fig. 2 

As illustrated in Fig. 2, the armouring does 
not rupture even when there is a knot in the 
cable; a drum with 500 m of cable can be 
suspended from the knotted cable. 
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The stress-strain diagram of the  fibreglass 
reinforced  sheath of a long-distance  cable 
of the type 

A-02YF(ZgL)2X  21x2x0.9 

is  shown in Fig.   3. 

Fig.   k  compares  the  cable weights,  the out- 
side diameters,  and  the  minimum permissible 
bending diameters  of  4  steel-armoured cables 
with those  of  fibreglass-armoured  cable.   All 
cables  have  the same  cable  cores  and tensile 
strength values.   It  will  be noted that  the 
glassfilament  armour offers  optimum values 
for all  compared  criteria. 

tbOO- 

MX) 

soo 

01    C2    0.5     t ?0      50 / 
♦ ELONGATION 

Fig.   3 

The breaking strength is  1.4 t.   The stress- 
strain curve  of the  cable  core is  also plotted 
in the diagram.   The steeper slope  of the  curve 
for the tensile sheath clearly shows  that 
this  absorbs  the greater part  of the  tensile 
force.   The  cable  core is  stressed  only  in the 
elastic  range. 

Weight,   outside diameter,  bending diameter. 
The use of glassfilaments  as  tensional 
elements  in  conjunction with  a plastic  sheath 
provides  an  elegant solution for an  easily 
handled cable.   This becomes  apparent when 
this  design  is   compared with  conventional 
designs  for high-tensile  cables. 

A B C D E 

TENSILE STRESS 

A B C D E 

WEIGHT OF CABLE 
ABCDE ABCDL 

DIAMETER OF CABLE     BAMHER F OR BENDING 

A GLASSFIBRE ARMOURED P£ SHEATHING 
B ALUMIN SHEATHING STEEL ARMOURED 
C CORRUGATED AL SHtAIHING STEEL ARMOURED 
D CORRUG STEEL SHEATHING STEEL ARM 
E LEAD SHEATHING STEEL ARMOURED 

Fig.   h 

Protection 
against  Moisture  in  the   Cable  Core 

New methods  have  been  developed  not  only   for 
the design  of a high-tensile  sheath,  but  also 
for protection of  the  cable  against  the 
ingress  of water. 

It  is generally  recognized that   cables 
insulated with plastics  sheaths  must  be 
protected against   the  ingress   of water.   A 
metallic moisture  barrier in  the  cable  sheath 
is  in keeping with  the  state  of the art,   in 
the same way  as  filling of the  spaces  in the 
cable core to prevent  the  ingress  of water 
should the  cable  be  damaged. 

The standard practice  of petro-jelly  fillings 
is not applied for cables  fitted with connect- 
ing plugs.   Following several  years  of 
development  work,   it  was  preferred to fill 
spaces with polyurethane  foam.   As   compared 
with petro-jelly  fillings,  polyurethane  foam 
results  in only an  insignificant  increase in 
the cable weight.   Also,  polyurethane foam 
does not  cause any  significant   increase in 
mutual capacitance.   The  filler material has 
no aging problems,   and does  not  negatively 
affect  the long-term stability  of the 
capacity  unbalances.   This   is  particularly 
important  in the  case  of cables  used at 
higher frequences,   i.e.   with  carrier 
frequences.   Foam  filling of the   cable  core 
is not  carried out   continuously,  but 
interrupted  rhythmically  at   short  intervals 
to yield alternate  lengths  of approx.   50 cm 
of filled  and  unfilled   sections. 

The purpose of this   intermittent  filling is 
to allow water to  penetrate  into only a 
limited  section of the  cable   should the 
sheath suffer extraneous  mechanical damage, 
so that  monitoring of the  cable  and 
localization of the fault are possible. 

Suitable procedures   for this   are  the 
measurement  of the  insulation  resistance with 
a bridge method if test wires  with 
artificially  perforated  insulation are 
located  in the  cable  core,   or  the pulse 
measurement  method.   The   local   increase  in 
the mutual  capacitance  in the water filled 
chamber causes  a  sudden  increase  in  the 
characteristic  impedance,  with  a  reflection 
factor of \Hf,  for  example,   in   the  cable 
mentioned here.   This   increase   can be 
localized with a pulse  echo meter. 

Monitoring can be  carried  out   as  a routine 
procedure.   This  is   expedient   to  ensure that 
an accumulation of unregocnized minor defects 
does not  cause total  failure  of the complete 
line in the  course  of time,  which may happen 
to fully  filled  cables. 
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Connection System Transmission Properties 

These waterproof, plastic-insulated long- 
distance cables, armoured with fibreflass, 
are produced in lengths of 500 m. The connect- 
ing plugs at the ends of the cables are also 
corrosion-resistant, waterproof, and resist 
tension. They are made of plastics, and have 
a low weight. 

The fihreglass armouring of the 
inserted into the plugs and fir 
with the plug casing by casting 
resin compound. The complete pi 
has a tensile strength of more 
Since the plug casing is filled 
resin it is completely waterpro 
are also resistant to vibration 
impact. The connected plugs can 
covered with thermo-shrink tubi 

cable is 
mly connected 
in an epoxy 

ug connection 
than 800 kp. 
with epoxy 

of. The plugs 
, shock, and 
later be 

ng (Fig. 5). 

Fig. 5 

This  prevents   unauthorized  access,   and 
provides   additional mechanical  strength.   The 
plugs   have  5?  poles.   The  crossfork  contacts 
generate  a high  specific  contact  pressure; 
each  of the  four  contact  legs   is   independently 
sprung.   As   the  plugged  cables   are  intended 
for use  at   carrier  frequences  and  for  PCM 
transmission,   the wiring plan  of the plugs 
is  so  designed  that  the geometry  of the  cable 
is  retained. 

The plug and  the  socket  of the  connectors   are 
identical,   so  that   the  cables   can  be   laid  in 
any  direction. 

Accessory   line  equipment has  also been 
developed  to match  the  cables.   Fig.   6  shows 
a  coil  piece with  plugs   for loaded  lines. 
Sleeves   for  carrier-frequency  amplifiers   or 
PCY regenerators   can  also be  fitted with  plugs. 
Stub   cables  are  used  for the  connection  of 
exchange  equipment. 

If  a  trunk  cable  line  is  to  permit 
installation without  balancing or'  field work, 
even  the drum lengths   must   feature  excellent 
properties. 

Quality characteristics  of  drum  lengths. 
Fig.   7 shows  the  cumulative   frequency  of the 
capacitance  unbalance  of  ÜC  lengths  measured 
at   800 Hz. 

99,9 

■» CAPACITANCE UNBALANCE 

0      5      10      15      20      25     30     35     40  pf/500m 

Fig.   7 

The low mean values (ki = 5 pF/500 m and 
kQ...l? = 2 pF/500 ra) guarantee the service- 
ability of the cables for high-quality 
transmission systems. The capacity unbalance 
amplitude along the length of the cable is 
checked by means of a pulse measuring method 
to check that it oscillates within narrow 
limits around the zero value. 

The capacity unbalances and crosstalk 
attenuation are theoretically linked thus: 

i    -1 
I 

FEXldBI = 20 log 
2 k 

The crosstalk attenuation values measured at 
120 kHz, shown as a cumuletive frequency in 
Fig. 8, are even better than the capacity 
unbalance measurements, made at 0.8 kHz in 
view of the 3ow accuracy in the zero-range, 
would indicate. 

Fig. 6 
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In order to avoid fluctuations in the 
characteristic impedance and capacitlve 
reflection points along the line, the mutual 
capacitance values of the drum lengths should 
vary only slightly (Fig. 9). 

31.5 nF/km 
• 10% 

These requirements were met in good degree. 
The deviation of the mean from the specified 
value is approx. 0.8*. Only a few individual 
values show deviation of max. 6%, 

Line characteristics. The characteristic 
impedance for the cable in the voice frequency 
range (VF) is calculated from the values of 
the mutual capacitance and the d.c. loop 
resistance as follows: 

m^i/SS-5».» 

The  characteristic  impedance  values  calculated 
with this  formula were  confirmed by 
measurements  on a  50 km line. 

The ripple on the measured  Z-curve was  better 
than It.  Due  to the low  variation of the 
mutual  capacity and loop  resistance,  the 
frequency-dependent  factors  impedance   (Fig.10) 
and line attenuation  can be  calculated with a 
computer for various  loading systems. 

no 

V 
FRCOUENCr 

Computed Impedance Zr 

and Zi of loaded lines 
Fig. 10 

The impedance of a line loaded with 80 mH 
(coil spacing = 2 km) was measured, and was 
found to attain the theoretically calculated 
values with an accuracy of better than 1%. 
There was no ripple on the impedance due to 
the uniformity of the mutual capacitance of 
all drum lengths in the line. 

0.2     0,5    1 5     10    20      50   K)0 200   50010002000 kHz 

Fig.    11 

The attenuation values in the VP range for 
unloaded and loaded lines and the line 
attenuation for RF transmission up to 6 MHz 
are shown in Fig. 11. 

I in  Ohm;     f in kHz 
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Quality  characteristics  of the  line.   Fig.   1? 
shows  the   far-end  crosstalk FFX and  the way 
it   develops  when  coil  sections   are 
successively   connected  to  form a  long-distance 
line. 

dB 

star-quad. 

WO 

90 

80 •»LENGTH OF LINE 

10 15 20 Km 

Fig.   1? 

Sections of 'f drum lengths each were 
successively connected with loading coils. It 
proved possible to maintain the normal line 
specifications easily without additional 
balancing work. 

The line results were determined using a 
PCM30 regenerator field, in this case 
consisting of 12 cables with plugs (6 km). 
The crosstalk results up to h  MKz are shown 
below as frequency-governed mean values 
(Fig. 13). 

dB J 100 

80 

"N. ̂̂ äfg 12-a 

60 

40 
•+FREQUENCY 

1,0      2,0       4,0 MHz       0,1 

dB  2 

1,0       2,0       4,0    MHz 

1001 z 

80 
^— ̂ ^^n9  12 

60 

40- 
•»• FREQUENCY 

1,0      2,0        4,0   MHz      0,1 1.0      2,0        4,0    MHz 

Fig.    13 

Although the cable had no screening to 
separate the two directions of transmission, 
duplex operation (PCM30 and videophone) is 
possible in all neighbouring combinations. 
As far as possible, only one transmission 
direction should be operated in any one 

Suitahle Transmission Systems 

Cables fitted with plugs permit easy 
assembling of cable lines without additional 
balancing work. The electrical uniformity of 
the cable is so good that the cables can be 
used without any further work for low 
frequency, carrier frequency, or PCM 
transmission following installation and 
connection of the drum lengths by means of 
the plugs. 

In the case of voice frequency transmission, 
the cables can be used in either loaded or 
unloaded mode. Due to the low mutual capac- 
itance, economical coil spacing of 2 km with 
side circuit loading coils of 80 mH can be 
obtained within the critical frequency. The 
ready-for-use coil pieces are also equipped 
with connecting plugs, so that they need not 
be assembled in the field. 

Voice frequency transmission lines with these 
cables exhibit values for near- and far-end 
crosstalk attenuation which meet the 
requirements of the Federal German Post 
Office and the Federal German Railways for 
balanced trunk lines. 

Connected unloaded lines are suitable for 
carrier frequency operation up to 120 kHz. 
Depending on requirements, up to 100!? flex- 
ibility, e.g. in conjunction with the German 
12-channel transmission system Z 12, is 
possible without additional balancing. For 
OF systems with higher frequences concentrated 
balancing is possible to increase far-end 
crosstalk attenuation. 

Digital transmission sy 
PCM with a transmission 
can be used without lim 
lines with commercially 
The necessary PCM regen 
in boxes, which can be 
connections. Experiment 
transmission line have 
operations are possible 
interference, one part 
occupied by 30-channel 
a 120 kHz CF system. 

stems, e.g. 30-channel 
rate of 2.0^8 Mbit/sec 
itation on these cable 
available regenerators. 

erators are mounted 
fitted with plug 
s on a 20 km long 
shown that combined 
without mutual 

of the circuits being 
PCM and the other by 

Economic and Future Aspects 

Special manufacturing methods 
for the production of the des 
armoured PIC trunk cables ass 
connecting plugs. In addition 
tensile glass-armoured sheath 
fitting operations represent 
element in the production of 
field work carried out by ind 
field is transformed into con 
ion routines in the plant. Co 
there is no need for highly q 
personnel in the field, and m 
in the field are reduced to a 
minimum: the increased costs 

are necessary 
cribed glassfibre 
embled with 
, the highl- 
and the plug 

a further cost 
the cables. The 
ividuals in the 
trolled product- 
nsequently, 
uali fied 
anual operations 
n absolute 
for cable 
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manufacture can be compensated, particularly 
taking into account the steadily rising 
labour costs of today. 

In addition, the use of cables with connecting 
plugs offers several other advantages: this 
is apparent even in the planning stage of a 
transmission line, since no balancing 
specifications are necessary, and the cables 
need not be grouped. The normal planning and 
storage of materials for balancing elements, 
splicing and so on, can be dispensed with. 
Connecting plugs completely eliminate errors 
when the cables are assembled to form a line. 

As there is no need for testing or measuring 
operations, the line can be put into operation 
as soon as the cables have been buried and 
the plugs connected. 

If the cable is damaged, the line can be 
repaired later at a more suitable time. The 
hollow spaces formed by the intermittent 
filling with polyurethane foam allow immediate 
fault detection, but the axial spread of the 
water is prevented. If necessary, whole 
lengths or short pieces can be exchanged 
without balancing being necessary. 

Precise localization of the defect is also 
simplified by the fact that it is possible 
to simply disconnect a plug connection in the 
near vicinity for a short period of time 
without any long interruption in line service. 

Further economic advantage are offered by the 
suitability of these cable lines for operat- 
ion at higher frequences. Lines for low- 
frequency transmission can readily be 
converted for carrier frequency or PCF 
operation. There is no need for subsequent 
balancing for CF operation. The only 
operations necessary are the removal of the 
coil pieces and replacement by CF amplifiers 
or PCM regenerators, which are also fitted 
with plugs. Due to these cost- and labour- 
saving measures, the transmission capacity 
of a cable system can be expanded from 2H 
low-frequency channels to 288 channels with 
12-channel CF or 360 channels with 30-channel 
PCM transmission. This equals an expansion of 
the cable system transmission capacity by the 
factor 12 or 15. 

Simple and low-cost installation; tensile 
capacity offered by fibreglass armouring; 
short installation time; relaiable operation 
with various frequences; higher-quality 
transmission methods; these advantages make 
the cable with connecting plugs eminently 
suitable for a wide range of applications. 

Apart from these advantages in countries 
where labour costs are high, the use of cables 
with connecting plugs means that high-quality 
cable transmission lines can also be installed 
even when no trained personnel is available 
for the work in the field. A final example 
of the efficiencies of cables with connecting 
plugs is in emergencies where it is 
necessary to set up reliable multi-pair cable 
systems extremely rapidly. 
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MECHANICAL CHARACTERIZATION  OF 
CABLES  CONTAINING  HELICALLY   WRAPPED 

REINFORCING  ELEMENTS 

by 

T. C. Cannon & M. R. Santana 
Bell Laboratories 
Norcross, Georgia 

SUMMARY 

In this paper, the general system 
equations which describe the mechanical char- 
acteristics of a cable having one or more 
helically wrapped reinforcing elements are 
developed.  These equations relate the cable 
moment and axial load to axial strain and 
cable untwist.  The equations are applied to 
a cable of interest.  The theoretical pre- 
dictions and the experimental measurements 
generally agree to within ten percent.  In 
a cable deployment situation, the frictional 
forces acting on this particular cable should 
be sufficient to resist the tension-induced 
twisting torque; therefore, cable untwist 
under load should be small and an accurate 
characterization of the cable's behavior 
should be obtained by invoking a zero twist 
assumption. 

1. INTRODUCTION 

Helical wrapping,  of one form or 
another,   is often  found  in cable construc- 
tion.     The wrapping may  take the form of 
metal armor wires,   tapes,   plastic ribbons, 
binders or perhaps  tensile reinforcing 
elements.     For whatever purpose,  the 
wrapping is an integral part of the cable 
and contributes to  its mechanical prop- 
erties.     This report studies how helically 
wrapped elements  influence the tensile and 
torsional characteristics of a cable. 

The first portion of this report 
concerns itself with developing the general 
system equations for cables containing one 
or more helical  elements.     These equations 
are then used to predict the mechanical 
behavior of a newly designed cable.    As a 
check on the theory,   laboratory experiments 
are devised and  carried out.    The resulting 
data are  then compared with the theoretical 
predictions. 

2. ANALYSIS 

The cable system equations will be 
derived by first developing the kinematic 
relations for a cable having a single layer 
of helically wrapped elements and then 
extending the theory to multiple layers. 
Combining the kinematic  relations with cable 
load equations results  in the general cable 
system equations. 

2.1    Kinematics of Deformation 

Figure 1  shows a  section of a rein- 
forced cable.     The trajectory of one rein- 
forcing  strand is traced over the  surface of 
the cylinder.    The quantity,   R,   is defined as 
the distance between the center of  the cable's 
core and  the center of an armor  strand. 

2R 

,-—:: 

FIGURE   1 

TRAJECTOKY Of AN AKMOR WIRE 

OVER THE CABLE'S CORE 

Figure 2a shows a developed view of 
the  surface along which the strands  lie.     The 
lay length is represented by i and the lay 
angle by 0.     The length of  strand necessary 
to complete one wrap of the cable  is defined 
as  tg.     Figure 2b shows the cable after being 
subjected to a tensile load.     In general,   the 
strand will  stretch and this elongation will 
be denoted as 6is.    Simultaneously,   there 
will occur a diametric contraction of  the 
core,   26R,   and a twisting of  the cable,   $, 
turns per  foot.     The net result  is  that  the 

rSR—J   - 

FIGURE    2 

DEVELOPED VIEW OF THE  MMOIED SUIFACE 
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original element   (solid lines)   is transformed 
into the deformed element  (dashed line) 
in Figure 2b. 

The following geometrical relations 
describe the new configuration 

U  +611   )cos(6+6e)   =   U+611) 

tan   (6+60)   ■= 2iT(R+6R)-n 
(il + 68,) 

(1) 

(2) 

where the twist arc  length is given by 

T  = (^(ZTTR)      • (3) 

Combining   (1),   (2)   and   (3)   leads to an 
expression relating  the axial and strand 
elongations to the twisting of the cable 

6R, 
(2TrR)2(l-<H + nj)     = 

Si 5 
^    (1   +   -iiL)2 

s s,     ' 
6 5* 

iMi + —) 
(4) 

Making use of geometric identities,   (4)  may 
be reduced to 

26!,, 
 §.1   = cos2e 

+sinsü  -2*1 -Hi -^ + — 

+  (<!)£)J +   (^|)2 

(5) 

E     =  e   (cos2e-v*sin2e)-(Jlsin2e)(ti   ,       (7) s c v   ' 

where  e8  is the strand strain,   ec  is the 
axial cable  strain and v*  is a pseudo 
Poisson's ratio for the cable and is a 
measure of its diametric contraction.     Mathe- 
matically v*  is given by: 

(68/*) 
v* = . 

(6il/Ä) (8) 

Equation (7) is the fundamental linearized 
relation describing the deformation of the 
cable strands. 

2.2 Multiple Layers of Helically Wrapped 
Material ' ' 

The single layer kinematic equations 
will now bo extended for the case of more 
than one layer of helical elements. 

For small deformations, the strain 
experiencad by the ith strand layer, esi 
wrapped at a lay angle ei is given by 

esi = Ec(cos
26i-vJsin

29i) - ((> (irRisin2ei) , (9) 

where e represents the axial strain of the 
cable, 8^* is the diametric contraction that 
the cable experiences at the strand location, 
R. is the radial location of the strand 
layer, and *  is the untwist turns experienced 
per unit length of the cable when it is 
loaded.  For multiple strand layers an 
untwist sign convention must be adopted. A 
right hand lay angle will be defined as 
positive and hence B^ will be either a 
positive or negative number, depending on 
whether the strand has a right or left hand 
lay. A clockwise twist of the cable about 
its axis is defined as positive.  This is 
illustrated in Figure 3. 

2.3 Cable Load Equations 

Equation (5) is the basic expression 
interrelating the various deformations of the 
cable. There is a nonlinear dependence of 
6ä8 on 6)1, (fi and 6R. A convenient linear 
approximation may be obtained by neglecting 
products of small terms.  Doing this (5) 
becomes 

(^■-MHV-^C-*'^) (6) 

Using the above convention, the 
twisting moment developed on a cable is 
readily computed. Defining clockwise 
twisting moments as positive, the moment 
generated by the ith strand layer is 

Mi TsiRisin9i ~ lHniJsiGsiCos
2e.jL) ,  (10) 

where T . is the tension supported by the 
ith strtÄd layer, ni is the number of strands 

Recognizing that 

611 
_i = ec 
^s   ' 

61   -    E T " ec 

(6)  may be written as 

FIGURE    3 

KISUITANT  CAIli  MOMENT 
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in the ith laver, J-4 and ft-*   are the 
strand's moment of inertia and torsional 
rigidity, respectively.  Writina (in) in 
terms of the strand elastic modulus, £_;, 
and area, Asi resales in 

Mi = (niEsiAsiRisin9i)£:si 

- (HniJeiGgiCos^i). (11) 

The total cable moment equals the sum of the 
moment contributions from each of the strand 
layers plus that of the core.  (Here core 
refers to all other elements of the cable 
that are not helically wrapped.)  Hence 

m 

Mt = -*JCGC +J 
i=l 

.2 

esi(niEsiAsiRisinei> 

(niJSi
Gsicos2ei)* 

(12) 

where the subscript "c" refers to core prop- 
erties, and m is the number of strand 
layers.  Finally, using (9) to eliminate 
esi yields 

T  = c t    c 
EcAc +^ (crosi!ei -v^sin'ei) X 

i=l 

(n^siAsi«38^' 

in 

2 ^RiSinSSi) in^k^cosQ^ 
Li=l 

(15) 

Equations (13) and (16) describe the mechan- 
ical behavior of cables containing helically 
wrapped elements.  In the following section 
these equations will be used to characterize 
the performance of an experimental cable of 
interest. 

3.  APPLICATION OF THEORY 

For convenience (13) and (16) will be 
written in the abbreviated form 

Mt = Vc " c2* 1 

Tt = C3ec " ^ 

(16) 

Mt =ec J (cos2ei-v*sin
?ei) (n^^si^sine.) 

Li=l 

JcGc+. 
i=l L 

iniJsiG
si

cos2\) 

+TTR2sin2Gi (niEsiAsisin0i) 

(13) 

where the coefficients, C,   are defined as 

C1   =^  (cos2ei-v*sin2e.) (n^^EgiAgiRiSinSj^Xl?) 
i=l 

C2   H   JcGc  + 

i=l 

niJsiGsicos2ei+irR?sin20i   X 

(niEsiAsi8inei) 
(18) 

Equation (13) is the generalized moment 
relation.  The general tension relation 
is the other equation needed to complete 
the system. 

The total axial load carried by the 
cable is the sum of the core load and the 
strand load.  This is 

rt = TC +i Tsi cos e.: 

i=l 
or 

T
t =   (EcAc)ec +1   (niEsiAsicos9i)£si-     (14) 

i=l 
Again using   (9)   to eliminate csi leads to 
the general expression for Tt 

C3  =  EcAc  +Z   (cos2e.-v*sin2e.) 
i=l 

(niEsiAsiCos0i) 

C4   =2       (^isin2ei)n.EsiAsicos9i 

i=l 

(13) 

(20 

The coefficients Ci, C2, C3 and C4 
were computed for an experimental cable. 
The cable consisted of a cable core, heli- 
cally wrapped strands of fibrillated polypro- 
pylene twine, helically wrapped graphite 
yarns, and a low density polyethylene (LDPE) 
jacket.  The polypropylene strands were 
wrapped with a left hand lay at a 16.0° lay 
angle.  The graphite strands were wrapped 
with a right hand lay at a 4.4° lay angle. 
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A sununary of the material properties of the 
cable components is given in Table I. 

HATERIAL PROPERTIES OF CA'J-F COMFONENTS 

Connjonent 

Cable Core 

Polypropylene 

Graphite 

Tensile Modulus, E, 
and Shear Modulus, " 

E = 10 x 106 

E • 0.33 x 106 

G > 0.118 x 106 

E = 18 x 106 

G  • 7.2 x 106 

E • .35 x lo' 

Total Cross-Sectional 
Arcj (in2) 

An important cable parameter is its 
tensile modulus, T/ec. The tensile modulus 
may be computed under two conditions:  (1) 
twist restrained (0=0) and (2) unrestrained 
(Mt = 0).  From (8) these values are: 

(Tt/ec) = C3 = 5.80 x lO
11 (lb.)/(in./in.) (25) 

0=0 

(Tt/ec] = C3 - 

h*c 

C4 Cl 

C2 

(26) 

In using (17), (18) and (20) the subscripts 
"1" and "2" will refer to the polypropyl^ae 
and the graphite respectively.  The sub- 
script "c" will refer to the combined pt. y 
erties of the cable core and the LDPE El. v... 
Experience has showi that a characteristic; 
value for v^* is at^ut 0.5. 

Using elementary theory of elasticity, the 
moments of inertia were computed to be: 

JpE = .996 x 10"
3 in.4 

JCGC 1.66 (in.-lb.)/(turns/foot) (21) 

J8l = 3.18 x 10"
6 in.4 

Js2 = 4.60 x 10"
9 in.4 

The corresponding torsional rigidities are: 

5.53 x 104 (lb.)/(in./in.) 

The two nunbers differ by 4.9 percent. 

A second important cable parameter is 
' ne two.:.ting moment generated when the cable 
is heavilv loaded. Excessively large twist- 
ing roomenua may necessitate the utilization 
of special cable pulling equipment. From 
(16) the twisting moment is: 

1.77 x 102 ec (in.-lb.)/(in./in.) 

A reasonable upper limit on ec is approxi- 
mately 0.5 percent. Hence 

nlJslG8l = (5 x 3.18 x 10"6 x 1.18 x 105)/12 

(in.-lb.) 

(turns/foot) (22> 
0.156- 

noJD,G 0 = (12 x 4.6 x 10"9 x 7.2 x 106)/12 

3.3 x 10 -2 
(in.-lb.) 

(turns/foot) 
(23) 

Substituting (2U , (22) and (23) and the 
parvmeters displayed in Table I into (17), 
(18), (19) and (20) yielded values for C^, 
C2, C3, and C4.  These numbers are: 

Cx = 1.77 x 102 (in.-lb.)/(in./in.) 

C2 = 5.85 (in.-lb.)/(turns/foot) 

C3 = 5.80 x 10* (lb.)/(in./in.) 

C4 = 89.4 (lb.)/(turns/foot). (24) 

(Mt) max a 0.88 (in.-lb.) (27) 

This number is small and consequently the 
twisting moment should not have a noticeable 
effect on the cable pulling equipment. 

When the cable is not twist restrained, 
dynamic loading can cause the cable to form 
kinks and fail.1 This tendency increases 
for cables having relatively small torsional 
rigidities. Thus the ratio of generated 
torque to resisting modulus becomes important. 
(This ratio is in terms of turns per foot.) 
From (16) the twist of the unrestrained cable 
is computed to be: 

clec-c2<t> 

or 

[_\ = -i=30.2 (turns/foot)/(in./in.) (28) 

Having computed these coefficients, certain 
predictions can now be made about the 
cable's behavior. 

In order to access the accuracy of the 
theoretical predictions, several experiments 
were designed and carried out.  This experi- 
mentation is discussed in the following 
section. 
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4.     EXPERIMENTAL 

4.1 Purpose 

The intent of the experimental inves- 
tigation was to check on the accuracy of the 
theoretical predictions.  Specifically, it 
was desired to obtain a direct or indirect 
measurement of the two coefficients C3 and 
C4 and the ratio Cy/C2- 

4.2 Measurements Needed 

All of the information sought can be 
found through cable tension testing.  From 
(16) it is seen that 

.-e 
l|)=0 (29) 

This ratio can thus be determined by applying 
a tensile load on ix  cable whose ends are 
restrained from rotating and measuring the 
ratio of axial load to strain. 

With a different setup the quantities 
C4 and C1/C2 c^n o*  determined.  If the cable 
ends are free VJ re .♦•=, the system 
equations become 

Clec 

C3ec 

c2« 

C4(0 

Solving for the desired parameters yields 

(ei) = (B 
Mt=o 

and 

«Vc-V 

(30) 

(31) 

Thus, the measurements required in order to 
/C2)  ai 
twist. 

determine C4 and (Ci/C2) are axial load, 
strain, and angle of twj 

4.3 Experimei.tal Setup 

Figure 4 shows a sketch of the setup 
used for the experiments.  A 2000 lb ratchet 
winch was connected to a force gauge by way 
of a wire rope. The other end of the force 
gauge was connected to a radial bearing 
swivel which in turn was connected to a 
Kellems grip.  The cable was loaded through 
the Kellems grips attached to its ends.  The 
stationary end of the cable was prevented 
from rotating. 

Strain measurements were made with a 
ten foot flexible steel gauge.  One end of 
the gauge was directly attached to the cable. 
The movement of the other end of the gauge 
relative to a point on the cable provided a 
measure of the cable elongation. 

4.4 Experimental Procedure 

The cable was loaded under two condi- 
tions.  In one set of tests the swivel 
bearing allowed one end of the cable to 
rotate as load was applied.  In the other 
testing, the swivel joint was removed and the 
cable was prevented from twisting.  For both 
cases the load and strain were recorded 
incrementally.  Twist measurements were made 
either incrementally or at extremal load 
points, depending on measuring feasibility. 

It was anticipated that $, the cable 
twist per foot, would be small.  Accordingly, 
it was originally planned to test long 
lengths of cable in order to increase the 
amount of cable twist and thereby reduce the 
error in measuring $.  A cable length of 180 
feet was chosen for the initial test. 

Trial tests conducted prior to the 
actual experimentation yielded valuable 
information which resulted in some altera- 
tions in the experimental procedure.  When 
under no load the cable rested in a long 
wooden tray.  As load was applied the cable 
tended to raise itself off the tray and form 
a catenary.  Prior to lift off, tne fric- 
tional forces between the cable and the tray 
were large enough to resist the twisting 
action of the cable.  Hence for lo 3 cables 
it was difficult to make accurate measure- 
ments of ((1.  On the other hand, for short 
cables (approximately thirty feet) lift off 
occurred after only a few pounds of tension 
and 41 could be measured more accurately.  It 
was thus decided to make 0 measurements on 
short cable lengths. 

Another phenomenon observed was the 
uncertainty in the neutral, or zero twist, 
position of the cable.  If a length of cable 
is twisted about its longitudinal axis (in 
either the clockwise or counterclockwise 
directions) , it will undergo an initial 
plastic rotation before developing an elastic 
restoring moment.  The amount of plastic 
rotation separating the elastic restoring 
regions will be referred to as the play. 
This cable play represents the amount of 
uncertainty in determining the neutral 
position of the cable.  It was speculated 
that the play was a result of internal 
damping.  Testing of different cable lengths 
showed the play to be inversely proportional 
to length. 

In order to remove the play uncer- 
tainty from the twist measurements the 
following routine was followed.  First, the 
cable was loaded until the high slope region 
of the load-elongation curve was reached. 
At this point the load was maintained 
constant while the play was removed.  This 
was done by twisting the cable in the 
direction opposite to the untwisting motion 
until the cable would self restore.  The 
loading of the cable was then resumed and 
the cable untwist and strain were recorded 
from that point on.  (After the maximum load 
was reached, a similar procedure was fol- 
lowed to check on the cable twisting as the 
load was removed.  Before the cable was 
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CLEVIS A HOOK 

SWIVEL CONNECTION 

117 INCH GAUGE 
LENGTH (1/32 INCH 
RESOLUTION) 

2000 LBS. RATCHET 
PULLING WINCH 

200 LBS. FORCE GAUGE 
(1 POUND RESOLUTION 

1/4"  STRANDED STEEL ROPE 

FIGURE 4.   EXPERIMENTAL SETUP 

unloaded, the uncertainty was removed by 
untwisting the cable until it would self 
restore.  Both measurements yielded identical 
results.) 

In all of the cable testing it was 
observed that there was no twisting tendency 
until after the high slope region of the load 
elongation curve had been reached.  This was 
the anticipated response since the high 
slope region signals the point where the 
graphite begins to take significant load and 
the graphite loading is responsible for 
cable twist. 

5.  RESULTS AND CONCLUSIONS 

The results of the testing are 
presented in Figure 5 and Tables II and III. 
Figure 5 shows the load-strain curves for 
the cable with free and fixed end condi- 
tions.  Consistent with theory, the fixed 
end cable has a higher tensile modulus than 
the free-end. 

TABLE   11 

SUMMARY  OF  CABLE  TWIST  MEASUREMENTS 

Sample 
Number 

Sample 
Length 
(ft.) 

15.79 

Number 
of 

Runs 

2 

Max.   Cable 
Twist   »„^ 
(Turns/ft.! 

.087 

Hin.   Cable 
Twist  ♦mjri 

(Turns/ft.i 

.079 

Avg.   Cable 

(Turns/ft.) 

.09' 

Max. 
Cable 
Tensir 
(lbs. I 

Differen- 
tial   Cable 

(m./in.l 

1 140 
.OOJ70   tr 

.00385 

2 15.79 1 .079 .07L .077 140 
.00270   to 

.002B,
J 

I 14.17 1 .079 ,079 .079 140 
.00275  to 

.00102 

4* 30.75 1 0 U 0 160 
.00270   to 

.00300 

• Twist restrai ned 

1»0 

S      .0 

30' 9"  SA«mi       /   , J»- SAMHI 
TWIST lESTMINID /   '  TWIST UNMSTMINIO 
I» =01 (M, = O) 

siorcs IN liS/% 

EXTMPOIATION OF UNEA« 
POTION OF CUIVES 

.i .3 4 5 
(LONOATION (T, STRAIN) 

FIGURE S LOAD-STRAIN BEHAVIOR OF THE CABLE 

The twist measurements are summarized 
in Table II.  Three different samples were 
tested and all three agree fairly well. 
During the testing it was noticed that the 
initial loading of a specimen tended to yield 
larger axial strains than subsequent runs. 
This was attributed to a structural looseness 
that became worked out as the cable was 
cycled.  In any case, all of the data agreed 
to within ten percent. 
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SUMMAKy  OF   EXPERIMENTALLY   AND  THEORETICALLY 

DETERMINEÜ  CABLE   CARAMETERS 

Sample 
Number 

1 

2 

3 

4* 

Theory 

(  lb5.:  ^ 
V"i-/in. J 

53.300 to 
59,200 

0"  /in.   ) 

49,100 to 
11,800 

49,100 to 
■il ,800 

46,400 to 
■iO^OO 

55,300 

-2  "   'c 

/Turns/ft.^i 
V in./in.   ) 

29.1 to 
30.7 

27.0 to 
28.5 

26.2 to 
28,7 

,     lbs.   J\ 
^Turns/ftJ 

47 to 143 

51 to 155 

83   to 252 

•   Twist   restrained 

,.,.„:», .,„,,,,»• (:-,!«* ,^.^».^»««^f?««i(p^«»»l«^'«^^ 

accurate characterization of the cable's 
behavior should be obtained by invoking the 
zero twist assumption. 

Summarizing, the theoretical predic- 
tions and the experimental measurements 
generally agree to within ten percent. For 
the case where significant differences do 
exist it is believed that these differences 
arise from limitations on the resolution of 
the experimental data.  Thus it is felt that 
the theory presented herein accurately 
describes the cable mechanics. Further, the 
testing procedure used appears to be suffi- 
cient in order to characterize the cable. 
In future tests, this procedure may be 
expanded to include direct measurements of 
the twisting moment. 
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RELATING THE TWIST DETECTION 
MEASUREMENTS OF TWISTED PAIRS TO 

THEIR CROSSTALK PERFORMANCE 

by 
H. W. Friesen 

Bell Telephone Laboratories, Inc. 
Norcross, Ga. 

ABSTRACT 

The desirability of a more complete 
understanding of crosstalk behavior in mul- 
tipair cable has led to a procedure for 
relating pair orientation and separation as 
a function of distance along the cable 
to the crosstalk coupling between that com- 
bination of pairs. The measurement pro- 
cedure is non-destructive.  The cable is 
simply pulled through a "twist detection 
head assembly, (TDH)". 

Pair twist information is obtained by 
exciting the pair of interest with an audio 
frequency current.  The resultant field 
is detected on the outside of the cable 
by means of tuned coils inside the TDH 
as the cable is pulled past the coils. 
Pair separation is determined by measur- 
ing unit orientation and assuming nominal 
unit dimensions.  In a typical recording 
arrangement, twist length data for two 
pairs, stranding lay of the units they 
are in and the cabling lay is obtained in 
a single pass by means of frequency multi- 
plexing.  The information is recorded on 
an audio tape recorder.  Demodulation 
and conversion to digital form takes place 
when the recording is played back. 

A digital computer is used to compute 
the coupling from the twist data by means 
of a formula for the magnetic coupling 
between two twisted pairs inside a shield. 
This so called "twist coupling function" 
is compared with the coupling function 
obtained from near-end crosstalk measure- 
ments.  The agreement between the two 
coupling functions for like twist combina- 
tions is quite remarkable. 

In the cane of like twists the need 
for keeping pairs well separated in order 
to keep crosstalk low is demonstrated. 
One of the examples shows that the twist- 
ing process Can be so accurate that the 
number of twists for two pairs in 2600 feet 
can be the same to within a fraction of a 
twist length. 

I. INTRODUCTION 

Crosstalk in multipair cable is a very 
complicated phenomenon. This is due to the 
fact that fields in wire pairs are not tightly 
confined to the wires of the individual 
pairs but interact with other pairs in the 
same cable.  A second reason is that the 
location of wires inside a multipair 
cable cannot be precisely predicted from 
design information of the cable.  This re- 

sults in the crosstalk behavior being quite 
random. 

Crosstalk is a performance limiting 
factor in several carrier systems such as 
Tl, TIC, T2 and voice frequency systems with 
repeater gain.  It appears that overall 
system costs could be reduced in such 
systems if cable crosstalk could be reduced 
without significantly increasing cable costs. 
To achieve this cro^otalk reduction,  or 
even know if it is possible, requires a 
better knowledge of the relationship be- 
tween the physical cable structure and the 
resultant crosstalk performance. 

The subject of this presentation is 
that of obtaining measurements of various 
geometric quantities such as pair angle, 
stranding angle and cabling angle and relat- 
ing those measurements to the corresponding 
crosstalk performance.  The basic measure- 
ment procedure is non-destructive in that 
the cable is simply pulled through a twist 
detection head assembly (TDH). 

II. DIRECT CROSSTALK EQUATIONS 

The basic crosstalk circuit being studied 
is shown in Figure 1.  Only direct crosstalk 
is being considered.  Figure 1 shows two 
pairs with the same characteristic impedances, 
Z0, and propagation constants, y.     If a 

Z0 

^ 

I 

PAIR 1 
^ 

PAIR 2 —o—l 

z=8 

FIGURE  1 
DIRECT CROSSTALK CIRCUIT 

signal is launched at the transmitting end 
(z=0) of pair 1, some of it will propagate 
to point z in the cable incurring an e~yz 

propagation effect, couple over to pair 2 
via the near end coupling function u(z) and 
return to the transmitting end having incurred 
another e""^ propagation effect. The expres- 
sion summing up this kind of coupling over the 
whole cable length is given by Equation (1) 
and is known as the near end crosstalk 
equation 

N(u))   = ju | e u{z)dz (1) '"f1 -2YZ 
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Similarly, some of the signal launched 
at the transmitting end of pair 1 in Figure 
1 propagates to location z, couples over 
via the far-end coupling mechanism p(z) 
and propagates to the receiving end of the 
pair 2. The tar-end crosstalk equation1 

sums up this kind of behavior over the 
whole cable length as indicated by 

SENSE COIL 

F(u) juje ■t p(z)dz (2) 

The coupling functions u(z) and p(z) can be 
expressed in terms of the sum and difference 
respectively of the electromagnetic and 
electrostatic components of coupling as de- 
noted by 

u(z) = l/2[Y0L12(z) + Z0C12(z)]      (3) 

p(z) = l/2tYoL12(z) - Z0C12(z)]      (4) 

In the above equations L-^ and C _ are 
the inductive and capacitive pair to pair 
coupling components respectively.  The ampli- 
tude of these quantities is mainly a func- 
tion of wire separation of the individual 
pairs and pair separation, being proportional 
to the former find inversely proportional to 
the latter. Twisting the pairs causes L^ a4d 

Ci2 to oscillate, principally, at the sum and 
difference of the pair twist frequencies. 
This greatly reduces the crosstalk, as can 
be seen by noting that Equations (1) and (2) 
are basically integrals of u(z) and p{z) 
respectively 

Much of this presentation pertains to 
relating the coupling functions obtained 
from twist measurements to those obtained 
from near-end crosstalk data.  The nature 
of near end crosstalk is such that frequency 
domain data, N(u), can be transformed into 
distance domain information, u(z).  A useful 
expression for this computation can be found 
in reference 3. This method of computing the 
coupling function yields essentially the 
same coupling variations with distance along 
the cable when the measurements are made at 
one end of the cable as when they are made 
at the other end.-* 

III. TWIST DETECTION TECHNIQUE 

The twist detection technique involves 
exciting the pair or circuit of interest with 
an audio frequency current.  The field pro- 
duced by the current is a dipole field as 
is depicted in Figure 2.  Tuned coils ex- 
ternal to the cable are used to detect the 
polarity and strength of the magnetic rield 
relative to the coil orientation.  Two coils 
mounted on the X axis, connected in an addi- 
tive mode, and two more coils on the Y 
axis, also connected in an additive mode, 
yield an estimate of the sine and cosine 
respectively of the angle of a line drawn 
through the two members of the pair relative 
to the X axis. 

If the pair is perfectly twisted, is 
pulled past the coils at a constant speed. 

FIGURE  2 
DIPOLE CURRENT FIELD RESULTING FROM EXCITING 

PAIR WITH AUDIO FREQUENCY CURRENT 

and the pair  is  always on  the  axes of   the 
X and Y coils,  perfect sine and cosine 
waveforms are observed on the X and Y axis 
coils.     The typical  response  for a pair 
moving about within the cable cross section 
as well  as  rotating  is more complex.^  Var- 
ious  compensation and correcting techniques 
have been devised.     Also,   the  coil response 
decreases with decreaseing twist length. 
The present TDH has   shielding  sufficient  for 
detecting  1"  twists  and  longer  in 50  pair 
cables. 

The  cable  is pulled past the coil  con- 
figuration at a  constant  line  speed by means 
of a caterpillar capstan.     Typical line 
speeds  for up to  100  pair  cable are  in  the 
50 to 100  ft./min.   range. 

Much of the  twist detection work  to 
date has been carried out on a  52 pair LOCAP 
cable.5    The  52 pair design consists  of 
seven  7-pair units  and  three  interstitial 
pairs.     The units  are  not  fully  stranded but 
are oscillated back  and  forth.     Figure  3 

STRANDING 
ANGLE UNIT   2 

STRANDING 
ANGLE UNIT   4 

FIGURE   3 
CROSS SECTION OF LOCAP CABLE SHOWING 

ANGLES THAT MUST BE MEASURED 
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is a cross section view of such a design 
showing the pairs involved in twist measure- 
ments for a typical pair combination.  In 
all, five different angles must be measured 
as a function of distance to allow calcula- 
tion of the coupling between a layer pair 
of one unit and layer pair of a second unit. 
Twist measurements of the two pair angles, 
the stranding angles of the units they are 
in and the cabling angle allow one to com- 
pute the actual wire locations with respect 
'to the center of the cable and in turn the 
coupling function.  Such a calculation 
assumes that pairs and units stay in the 
proper positions relative to other pairs 
and units.  The stable six around one lay- 
up  of the LOCAP cable is good from this 
standpoint.  This calculation also assumes 
nominal wire separation, unit diameter, etc. 

Frequency multiplexing is used for the 
five circuit detection system.  The present 
set of frequencies range from 9 to 11 kHz. 
They are well enough separated to allow 
separation by means of filters with a Q 
of 200 and close enough together to pass 
through the single tuned detection coils. 

The present method of obtaining the 
twist data involves recording the twist data 
for the five circuits simultaneously on a 
stereo tape recorder and subsequently play- 
ing back and digitizing the information one 
circuit at a time.  The recording circuitry 
is depicted in block diagram form in Figure 
4.  A package containing the five battery 
powered signal sources is mounted on either 

BPF 

10 KHi 
X LPF 

J 

TAPE 

RECORDER 

X 
BPf 

10 KHi 

r 
X     LPF 

Y L 1 

BPF 

5 KHi 

FREO^ 

DOUBLES 

PHASE 

SHIFTER 

J 

V 

FIGURE 5 

BLOCK DIAGRAM OF PLAYBACK CIRCUIT FOR )0 KHz TWIST SIGNALS 

other frequencies are accomodated by switch- 
ing in the corresponding band pass filters. 
The signal processing involves demodulating 
the X and Y signals by multiplying them 
with the audio oscillator signal that was 
used to excite the pair and low pass filter- 
ing.  The audio oscillator signal is ob- 
tained from the appropriate reference fre- 
quency recorded on the tape by squaring the 
reference to obtain a double frequency 
version and phase shifting the resultant 
to the extent needed to optimize outputs 
X and Y.  The output of this circuitry is 
processed furtler in digital form. 

The signals involved in the twist de- 
tection procedure are illustrated in Figure 
C.  The upper-most waveform is a represen- 
tation of a one and one half twist section 
of helically twisted pair.  The signal due 

TWISTED PAIR 

FIGURE 4 
BLOCK DIAGRAM OF RECORDING CIRCUIT 

the takeup or payout reel.  The present 
circuitry applies up to 40 ma. current to 
each of the five circuits.  This package 
also supplies five reference frequencies 
which are one half the corresponding oscil- 
lator frequencies.  These reference fre- 
quencies are brought out via slip rings. 
The X and Y signal components are amplified 
and combined with the reference and 1kHz 
marker signal and recorded on a stereo tape 
recorder. 

The playback circuitry for the 10 kHz 
twist signals is shown in Figure 5.  The 

REFERENCE SIGNAL 

mrn^mimnmii 
PRODUCT 

FIGURE   6 
SIGNALS INOLVED IN TWIST DETECTION 

to the current applied to that pair, appear- 
ing at the TDH is represented by the second 
waveform.  This is a double sideband sup- 
pressed carrier signal (DSBSC).  This signal 
is multiplied by the reference signal, which 
is a square wave version of the signal used 
to excite the pair at recording time.  The 
result is the product waveform which when 
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lowpass filtered represents the pair shown 
at the top. 

IV. TWIST ANGLE COMPUTATIONS 

Twist data processing typically begins 
with computation of the twist angle from 
the X and Y components of twist data.  This 
would be easily accomplished if the signal 
were simply the sine or cosine of the twist 
angle as it would be under ideal conditions. 
In that case the arctan Y/X would be a good 
estimate of the twist angle.  Various 
sources of distortion prevent use of such 
a simple approach.  The solid curves of the 
top two graticles of Figure 7 are typical 
of actual X and Y twist data obtained for 
a 3.5" twist length cable pair.  This is a 
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FIGURE 7 
X-DATA, Y-DATA AND COMPUTED TWIST ANGLE 

36 INCH LENGTH OF PAIR 13 (3.5 INCH TWIST LENGTH) 

layer pair in one of the layer units of the 
LOCAP cable.  Both the X and Y data show 
some amplitude variation with distance. 
The amplitude is modulated in accordance 
with the cable lay of 36 inches.  This modu- 
lation has an 18 inch period with X being 
maximum amplitude when Y is at a minimum, 
etc.  The X and Y data also exhibit a small 
amount of noise which can be attributed to 
sources such as mechanical vibrations at 
recording time and various electrical 
sources. 

Various methods of computing the twist 
angle from data such as this have been tried. 
An approach which has proven to be quite reli- 
able involves filtering and using a method 
about to be described.  The dashed curves 
in the upper two graticles of Figure 7 are 
results obtained by using a single tuned 
digital filter with a Q of about 3.  This 
filter removes the noise and most of the 
harmonic content but allows most of the 
twist length variation to be retained. 
Using the filtered X values, an estimate 
of the twist angle can be calculated by means 

AX 
of the expression 0X = arctan — - , where n 

XT] A Z 

is the average radian twist frequency and 
AZ is the sample spacing.  Similarly, an 
estimate based on Y data can be calculated 

by means of 0y = arctan The average 
YnAZ 
AY • 

of these two values turns out to be a good 
estimate.  This result is shown in the bottom 
graticle of Figure 7.  The individual esti- 
mates 0X and a, are ao much alike that the dif- 
ference between the two would barely be 
observable on the graph had they been included 
along with the average.  The 0X and 0y 
approach has several advantages over just 
using one of the two.  An error in n (which 
could result from capstan speed variations 
during twist length measurement)is compen- 
sated for by using the average. Also, the 
precessing and recessing effects due to 
pair movement as well as rotation within 
the cable cross section are removed because 
Y data recesses when X data precesses and 
visa versa.  Similar procedures can be used 
for computing the twist angle of the other 
pairs, the angle of the units and the 
cabling angle. 

The movement of a pair within the cable 
can be determined by combining the informa- 
tion obtained from the cabling and stranding 
circuits with the pair twist angle. The ex- 
pression for computing the X component of 
position for a wire center for a layer pair 
in a layer unit of the cable being consider- 
ed here is 

X,I=Rr,cos(0c,+n„tr/3)+R_cos(0R+nc,Tr/3)+Rncos0 w 

where R, Rs and Rp are the center 

P 
(6) 

of cable to center of layer unit mean 
radius, the center of unit to center of pair 
mean radius and center of pair to center of 
wire radius respectively.  0C, 0S and 0 are 
the cabling, stranding and pair angles 
respectively.  nc is the number of units 
separating the unit of interest from the 
cabling circuit where positive is counter- 
clockwise.  ns is the number of pairs 
separating the pair of interest from the 
stranding circuit.  The Y component of posi- 
tion is given by a function similar to 
Equation (6) except that sine functions are 
used.  The coordiantes for the mate are ob- 
tained by reversing the sign of the last 
term in Equatjon (6).  Figure 8 is a polar 
plot of the results of such computations 
for a short length of cable.  The line 
segments connect the center of one wire to 
its mate.  The distance between two cusps 
corresponds to one-half twist length 
(1.75").  In this case the pairs rotate in 
the clockwise direction and cabling is 
counterclockwise, (right hand twist and 
left hand cabling).  The spiral-like path 
of the pair is due to the cabling which 
has a 3 ft. period.  The radius of the path 
changes because of unit oscillation.  Only 
about 6 ft. of a 30 ft. oscillation period 
is involved here; however a substantial 
change in radius has occurred. 

Figure 8 demonstrates the ability to 
track the position and orientation of a 
cable pair in a non-destructive manner.  In 
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SHIELD 

FIGURE 8 

POLAR DISPLAY OF PAIR 13 SHOWING TWISTING, 

STRANDING AND CABLING EFFECTS 

order to show two pairs, the cabling effect 
can be removed simply by subtracting the 
cabling angle from the stranding and pair 
angles.  This has the effect of keeping 
unit position fixed.  Figure 9 shows such 
a plot for only a fraction of a twist length 
for pairs 13 and 27.  It shows pair separa- 
tion as well as orientation for this short 
segment.  To a first order approximation, 
coupling between two pairs is proportional 

„2 
to 2_ 003(0^-62). where a is wire separation, 

d2 
d is pair separation and 8i and 62 are the 
two twist angles.  In this case, the pairs 
are rotating in an in-phase manner so as to 
maximize the coupling.  This phase relation- 
ship is sometimes maintained for long dis- 
tances when pairs have nominally like twist 
longths causing the coupling to be cumula- 
tive. 

It is of interest to plot data such as 
that shown in Figure 9 for a longer portion 
of cable.  Figure 10 is such a plot for about 
9 ft. of cable.  It is not possible to fol- 
low the phasing between the two pairs in this> 
illustration.  However, this plot shows that 
both units have appreciable oscillation.  It 
shows that one of the units has rotated a 
greater distance than the other one in this 
portion of cable.  Also, unit 4 displays 
some preferred unit positions or nonuniform 
rotation rate.  Twist measurements such as 
those can reveal some interesting aspects 
of cable structure. 

V. COMPUTATION OF NEAR END COUPLING FROM 
TWIST UATA 

To compute the near end coupling func- 
tion from actual twist data it becomes nec- 
essary to relate such quantities as the 
coupling inductance and capacitance, L^2 

FIGURE 9 
PAIR ROTATION FOR TWO PAIRS 
WITH CABLING EFFECT REMOVED 

FIGURE 10 

PAIR POSITION FOR 9 FT. LENGTH OF CABLE 
SHOWING UNIT OSCILLATION 
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and 0^2 of Equations 3 and 4 to geometric 
and material parameters.  The pair combj .ia- 
tions to be considered are well separp'-ed 
like twist combinations, where C12  i'. small, 
hence an expression for 1^2 only i'   all that 
is needed. 

The first attempts to compute a near 
end coupling function from twist data in- 
volved multiplying the cosine of the dif- 
ference of the two twist angles by a coeff- 
icient derived by S. 0. Rice.6 This coef- 
ficient was based on two pairs of zero con- 
ductor diameter in free space with parallel 
axes and like twists in the same direction. 
The "twist coupling function," TCF, based 
on this model, after being low pass filter- 
ed to the same resolution as that avail- 
able for a coupling function computed from 
crosstalk data, XCF, was found to have a 
somewhat smaller rms value.  Some struc- 
tural differences were also noted.  The 
shielding effects of intervening pairs 
for well separated pairs would lead one to 
expect that the XCF should be smaller instead. 

A more refined model was next develop- 
ed which tocu iu';o account the effect of 
the shield 0.1 coupling.  A formula for the 
inductive coupling taking the image of the 
disturbing pair due to the shield into 
account was derived by N. A. Strakhov.^ 
This derivation was based the same assump- 
tions made by Rice.6  In addition, it assum- 
ed very long (infinite) twist lengths.  The 
result of this derivation is 

L12(Z)=-^ f^ cos(91+62) 

+ i cos(01-92+<!>)] 

whore 0, and 0- are the pair angles meas- 
ured by the TDfl, a is the interaxial wire 
separation value  for the two pairs, 
p is the magnetic permeability, and R0 
is the shield radius.  Also 

P --= S2+S2-2S1S2 cosWj^ 

2 2 
= S S-ZS^j cosWi+1 

and 
3
2
c2£ 

(7) 

, 2&1S.,sinW1-S,S^sin2W1 

* = tan"1 —^ 1-~^j i— 
l-2S1S0cosW1+S S

2cos2W, 
12   1  1 2     1 

where S, and Sy  are the center of shield to 
center of pair distances for pairs one and 
two respectively, divided by shield radius 
and W-^ is the angle extending from a radial 
line to pair 2 to a radial line to pair 1. 
The first like twist combinations for which 
TCF's were computed were center of unit to 
center of unit combinations where the units 
are separated by one unit (refer to Fig. 3). 
For these combinations both the coefficient 
of the difference of twist angles term and 
the phase shift are constant.  Substituting 
the dimensions for the LOCAP cable* into 
Equation (7) and dividing by 2Z  (340fi) 
results in a coupling coefficient for the 
difference of angles term of .0116 vi-sec/rai. 
and a phase shift $ of 35°.  The sum of 
the twist angles term in Equation (7) is 
oscillatory with a period much shorter than 
the wavelengths of interest here and can 
be discarded. 

♦Nominal values (a = .08", Sj = S, = .67 and 
Wj^ = 120") were assumed for this calculation. 
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FIGURE 11 
COUPLING FUNCTION COMPARISON BASED ON IMAGE 

EFFECT OF SHIELD FOR CABLE 183814 PAIRS 8-22 
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The coupling functionr.coraputcd from 
twist data for a combination of pairs can 
be compared to the one computed from the 
near end crosstalk data for those pairs on 
the basis of rms amplitudes as has already 
been indicated.  It is also desirable to 
have a measure of structural similarity. 
A useful figure of merit can be obtained for 
the structural agreement by computing the 
mean square of the difference (MSD) for the 
whole length of the two estimates normalized 
by their rms values.  To gauge the meaning 
of this number note that the MSD can range 
from zero to two, the latter value occuring 
when one function is the negative of the 
other.  Another gauge of MSD numbers comes 
from calculations of MSD between an XCF ob- 
tained from near end crosstalk data from 
one end of a cable and an XCF obtained from 
the other end.  Such calculatiors were made 
for 20 pair combinations from a cable of 
comparable length with MSD's ranging from 
.06 to .20.' Thus, a reasonable evaluation 
of these numbers is that MSD's under .2 
represent excellent agreement, MSD's in the 
.2 to .4 range represent good agreement, 
while MSD's above .4 represent poor agree- 
ment. 

Twist coupling function calculations 
were made on three center of unit to center 
of unit combinations, where the units are 
separated by one, in each of two cables. 
The results, after low-pass filtering to the 
same resolution as that available from 
crosstalk, for pairs 8-22 of cable 183814 
are shown in Figure 11 along with an esti- 
mate of the crosstalk coupling function 
obtained from crosstalk data. The two esti- 
mates have been scaled relative to their rms 
amplitude to allow better visual comparison. 
The two estimates agree quite well from a 
structure standpoint throughout the whole 
cable length.  The multipliers for the 
vertical scale differ for the two traces. 
The TCF estimate multiplier is about 3 times 
as large as the XCF multiplier. Most of 
this difference is probably due to shielding 
of intervening pairs. 

The results for the 6 center of unit 
to center of unit combinations and one 
layer pair to layer pair combination are 
summarized in Table 1.  They show that 
the TCF values based on the shield model are 
about three times larger than the XCF values 
for all seven combinations.  The MSD values 
obtained using the shield model are in the 
excellent and good range (less than .3) for 
all seven combinations.  TCF computations 
utiing the Rice model were made for three 
combinations in the first cable.  The rms 
values based on this model are all consider- 
ably smaller than the XCF values.  The MSD 
values are all higher than the ones obtained 
when using the shield model indicating that 
this model does not fit as well from a 
structural standpoint. 

The XCF rms values for cable 477220 
are somewhat higher than those in the first 
cable.* Part of this is due to the small 
twist frequency difference and unfavorable 
phasing between the pairs of the combina- 
tions studied in cable 477220 as discussed 
in the following paragraph.  Also the 
combinations in the first cable exhibited 
a more extensive unit oscillation capture. 
Oscillation capture is beneficial to 
crosstalk; however, further discussion 
of it is beyond the scope of this paper. 

One of the aspects of like twists ob- 
served during the course of this work is the 
extent to which the pairs have like twists. 
In Figure 11 the coupling functions maintain 
a given polarity for several hundred feet 
in various regions.  This is due to the 
number of twists in the two pairs being very 
nearly alike over those regions.  A plot 
for the difference between 0^^ and 02 was 
obtained for the whole cable length with 
the result that one pair had approximately 
one more twist per 1000 feet of cable. 

*Note that the TCF rms value could be as 
large as .0116 if the pairs were phased 
in the worst possible way (0-^ - 02 + 35c 

= 0) for the whole cable length. 

TABLE I: Comparison of Crosstalk Coupling 
Function (XCF) and Twist Coupling 
Function (TCF) Computations 

Shield Model Rice Model 

XCF rms TCF rms Mean Sq. TCF rms Mean Sq. 
Cable 183814 ]i  sec. /mi. y sec./mi. Difference V  sec./mi Difference 

Pair 8-22 .00146 .00481 .185 .00087 .337 
Pair 8-36 .00151 .00531 .181 .00105 .364 
Pair 22-36 .00155 .00533 .259 .00100 .397 
Pair 13-27 .00176 .00400 .214 

Cable 477220 

Pair 8-22 
Pair 8-36 
Pair 22-36 

.00189 

.00228 

.00274 

,00636 
,00620 
,00634 

.212 
,294 
,179 
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The far-end crosstalk which is simply 
the integral of this function multiplied by 
ID is greatly reduced because of this dif- 
ference of only a few twists.  Several of 
the six combinations being considered here 
were found to have twist differences of 
less than one twist length and as a conse- 
quence, considerably stronger crosstalk. 
The XCF and TCF plots for pairs 8-22 in 
cable 477220 displayed a definite positive 
bias for the whole cable length.  The far 
end crosstalk was 25 dB stronger than that 
for the same combination in cable 183814. 
In this case, a plot of the twist difference 
angle (O-^-Sn) indicated the two pairs had 
the same twist frequency to within one twist 
in 5,000 (approximate number of twists in 
cable length). 

VI. CONCLUSION 

This work demonstrates the ability to 
make measurements of pair twist geometry 
and compute accurate estimates of the 
coupling function from such information. 
The multifrequency twist detection system 
performs quite favorably.  To date record- 
ings have been made on cables with up to 
50 pairs.  Extension to cables with several 
hundred pairs appears possible at this point. 
The number of frequencies could probably be 
doubled to ten yielding more information 
per recording pass. 

The coupling function computations for 
like twist combinations demonstrate the in- 
fluence of the shield on crosstalk for well 
separated pairs.  They also indicate that 
strong crosstalk can result when twists are 
very much alike.  Extention of the coupling 
function computation to different twists 
combinations should be attained as advances 
are made in theory and data processing 
techniques. 
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ECONOMIC ANALYSIS 
OF 

PROTOTYPE CABLE DESIGNS 

J. L. McL. Falrfleld 

General Cable Corporation 
Lawrenceburg, Kentucky 

ABSTRACT 

Advances in cable design and manufacturing technique 
coupled with today's highly volatile material 
prices, have created the need to explore more 
thoroughly the economic Interrelationship of foamed 
Insulants,  foamed filling compound and conductor 
material substitutions. 

These relationships are explored with the help of 
a simple computer model. 

INTRODUCTION 

Economies In material cost can accrue through 
developments In three areas: 

(1) Cellular Insulants. 

(2) Cellular filling compound. 

(3) Conductor material substitution. 

and fourthly, any combination of these three elements. 

The approach taken In trying to Identify the 
impact on material costs derived from 
manipulating these parameters was as follows: 

1.  COST EQUATIONS 

Base equation 

COD  - 2 D/N -EQ I 

This equation used to find the core diameter of a 
cable (COD)  given the pair count (N) and diameter 
of the single conductor  (D) Is empirically 
accurate only to * 5% due to different compression 
factors Inherent in each gauge.    However,  the 
error Introduced by this inaccuracy Is not great 
due to the fact that the model Is designed to show 
comparative material cost changes rather than 
absolute material costs. 

Area of Core 

|    (2D/N)2 

itD2N -EQ 2 

Area of Insulated Conductors 

- ir ^   2N 

D2N -EQ 3 

1.    Develop equations that allowed all material 
costs to be represented as a function of 
the diameter of the single Insulated 
conductor, for each gauge and pair count. 

Area of Void or Filling Compound 

Equation 2 - Equation 3 

2.    Identify what the single diameter over 
insulation would have to be to satisfy 
today's design specifications related 
to resistance, mutual capacitance and 
voltage breakdown;     given variations 
in conductor material,  degree blow of 
Insulant and specific inductive capacitance 
of filling compound. 

3.    Having developed steps one and two, 
program the results to form a computer 
model that permits proposition analysis 
of these changes as they relate to 
corporate sales mix. 

nDzN - n -=— 

1.57 DZN -EQ 4 

Area of Insulation 

| (D2 - d2) 2N 

- 1.57 N (D^-d2) -EQ 5 

From equations one through five,  it is possible 
to calculate the material volumes of any cable 
as a function of the single Insulated diameter. 
Having obtained these volumetric equations,  the 
weight of each material may be calculated. 

--int riiaitfiiiittiittiiii 
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WEIGHT EQUATIONS 

Conductor Weight 

" Equation 3 - Equation 5 

- 1.57 D2N - 1.57 N (D2-d2) 

- 1.57 N d2 ■ Crossectlonal area, 

lbs. per 1000' feet 

- 1.57 N d2 WjA) x 12,000 -EQ 6 
) 

or ) 
) 

WjB) 

Insulation Weight 

■   Equation 5 

- 1.57 N  (D2-d2) 

lbs.  per 1000'   feet 

- 1.57 N  (D2-d2)  Wj   (1-B!)  x 12,000      -EQ 7 

Core Wrap Weight 

From circumference derived for equation 1 plus 
overlap factor. 

-EQ 8 

-.   lbs.  per 1000'  feet 

-    2ii(D/N + 1$  W,A)  x 12,000 
) 

or ) 

WaBJ 

Shield Weight 

From circumference derived for equation 1 plus 
overlap and diameter build up constants 

- lbs. per 1000' feet 

- (IT(2D/N+K1)+L2)W4 x 12,000 -EQ 9 

Filling Compound Weight 

From equation A 

- 1.57 D2N 

- lbs.  per 1000'   feet 

-   1.57 DZN W5 x 12,000 -EQ 10 

However, an Important consideration with filling 
compound Is that Its specific gravity  (S.G.) will 
change as Its specific Inductive capacitance  (S.I.C.) 
changes.    A fairly accurate representation of the 
relationship between S.I.C.  and S.G.  can be 
derived from the law of mixtures. 

LNER      -   VJLJJEJ^ + V2LNE2  (Lichtenecker's formula) 

Where 

ER 

El 

E2 

Vl 

V2 

- Resultant S.I.C, of mixture 

- S.I.C. of component one 

• S.I.C. of component two 

■ Percent volume of component one 

• Percent volume of component two 

- Natural log 

Hence,  for an air hydrocarbon mixture 

El 

E2 

V1+V2 

Variable approximately 1 through 2.3 

Approximately 2.3 

Air    -    1 

100 through 1 percent 

100 

Therefore, Eg can be related to the specific 
gravity of the mixture by substituting V^ & V2 
values used in the Lichtenecker formula to derive 
Eg values into equation 11 below. 

SGR 

Where 

SGR 

SGVi 

vl+v2 
x SGV, -EQ 11 

Resultant specific gravity 

Specific gravity of Vi 

Jacketing Compound Weight 

From circumference derived from equation 1 plus 
diameter build up constants, corrugation constants, 
and wall thickness variables. 

Simplifies to: 

» lbs. per 1000' feet 

- j  (2D/N (T-K2) + T2-K2)Wfi x 12,000 -EQ 12 
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2.    GENERATION OF SINGLE INSULATED DIAMETERS 

FOR VARIOUS CONDITIONS 

2.1    Calculation of diameter over dielectric (D) 
for solid Insulant surrounded by a medium 
of varying specific Inductive capacitance 
given a final cable mutual capacitance 
of 83 nano farads/mile. 

The accepted equation to calculate mutual 
capacitance of an air core cable Is 

MC    .   ^t* **% 
Log10(1.5 S/ 

-Ref.  1 

Where 

Eeff 
Cf 
C 

Also 

Cf 

Where 

R 

Resultant S.I.C.  of mixture 
Mutual reading of filled cable 
Mutual reading of same dry cable 

rEf(H-R) 
1+R Ef 

LLZI 

Where 

MC 

Eeff 

Mutual capacitance In nano farads/mile. 

Dielectric constant of air polyethylene 
mixture. 

d    Antllog10  (19.4Epff) 
1.5 ' 83 

S "   Center to center spacing of conductors 

d -    Conductor diameter. 

Resolving the above to "S" for a MC of 83. 

S 

But from Windeler'spaper. 

S    - D + a 

Where 

D    - DOD 
S    « Center to center spacing 
a    « Air gap 

resolving graph In that paper 

-EQ A 

Ref. 2 

15 (D-20) 1.85 
1J.5D - A.85 

substituting into equation A and resolving to D. 

D    . _L (4 85 + _*_ Antllog10 19.4Epff) u      1 15 ^.03 f l5 83  _;EQ B 

Now having derived a formula to give D In terms 
of conductor diameter and Eeff for a given MC 
of 83 nano farads per mile, the next logical 
step Is to find Eeff for a given S.I.C. of filling 
compound then substitute these figures Into 
equation "B" and hence develop DOD's for respective 
conductor diameters and S.I.C.'s of filling 
compounds. 

Now from the paper given by R. C. Mlldner, 
et al 

Eeff  - f x1-75 

-Ref. 3 

^a 

EP 

Ef 

- Effective S.I.C. of unfilled cable 

" S.I.C. of filling compound 

■ S.I.C. of filling medium 

Substituting 

Eeff 
Ef(H-R) 
1+ EfR 

x 1.75 -EQ C 

Having obtained Eeff values from equation C, they 
may be substituted Into equation B to derive 
diameters over dielectric (DOD) for various filling 
compounds. 

Doing so It Is found that these derived diameters 
do In fact closely relate to those used in practice. 

Now the last problem to resolve Is to develop 
the logic to enable various degrees of Insulation 
blow to be incorporated Into the model, 

This step was approached both theoretically and 
empirically. 

From the Phillips Cable paper 

736E C 

Where 

C 
E 
D 
d 

LOG10D/d 

" Pico farads per 100 feet 
- S.I.C. of insulant 
- Diameter over dielectric 
- Conductor diameter 

Ref. 4 

-EQ D 

Also from the same paper 

, „. 2.25-E %  Blow - —^r 

Substitutlng equation "E" into equation "D" 

t d Antllog 736 (2.25 - .014B) 

-EQ E 

-EQ F 

Now from equation "F" it can be seen that for a 
given percent blow"B"and a given pico farads per 
foot the diameter of the single insulated conductor 
could be calculated. 
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Therefore, the remaining problem Is to find a means 
of predicting the plco farads per foot 
requirement to meet a fixed 83 nano farads per 
mile given variations In the S.I.C. of the 
filling compound. 

FIGURE I 

Graphic relationship of withstand voltage per mil 
compared to % blow. 

There are two ways to do this: 

First, theoretlcally-take the solid diameters 
derived from equation" B"and substitute these 
values Into equatlon'TV'and therefore derive 
plco farad per 100 foot values. 

Secondly, determine plco farad per 100 foot 
values from empirical data available. 

In order to meet 83 nano farads per mile, 
filled cable specifications require a single 
capacitance of 54 pf/100 ft. and the filled 
cable has an S.I. C. of approximately 2.3; 
whereas, dry cable specifications call for a 
single capacitance of 71 pf/100 ft. and the 
finished cable has a final effective S.I.C. of 
approximately 1.75. 

Now If there was to be a linear relationship 
between the final cable S.I.C. and the single 
pf/foot then ^i x 1.75 should closely 
approximate 2.3; in fact, it calculates 
to 2.3 exactly; this relationship has been 
indicated by other empirical data but I must 
stress that we are dealing with a hypothesis rather 
than a theory. 

Given the choice between these two methods, 
the empirical approach was chosen because it 
gave good results at either end of the 
spectrum while the theoretical approach was 
less accurate when compared to known data. 

Now, we are finally in a position to 
calculate varying single Insulated diameters 
given various degrees of blow of both filling 
compound and Insulation and hence these 
diameters can be used in equations 6 through 12 
to calculate the cost of any cable one could 
wish to design. 

Finally, the last parameter that should be 
Included in the model is that of volta^ breakdown. 
Figure I shows the relationship between degree 
blow and withstand voltage per mil of medium 
density polyethylene Insulation. 

M 
£ 

OS 
m 
tu 

tn 
H 
iJ 
O 
> 

10 20    30 

PERCENT BLOW 

40 50 

This graph resolves to the equation 

D-d 
2 

(-381 + 31.128) 
B 

Where 

V 
D 
d 
B 

Withstand voltage per mil 
Diameter over insulation 
Conductor diameter 
Z  Blow 

This equation is included in the model as 
memoranda in order to give an Indication of the 
robustness of the construction being examined, 

3.  INTERROGATION OF MODEL 

Having developed and programmed the model, it 
is now possible to interrogate it with questions 
that previously were at best answered by long 
and tedious calculations and in some cases, 
unanswerable.  For example, it is possible to 
calculate quite accurately the relative merits 
of propositions as diverse as: 

80c copper using a 30% insulation blow and a 
filling compound having an S.I.C. of 1.2 and 
S.G. of .3 and a cost of $1.20 per lb. 

As against 

36c aluminum using a 50% blow and a filling 
compound having an S.I.C. of 1.8 and S.G. of 
and a cost of 40c per lb. 

.7 
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Morcvtr, the print out would not cover 
Just one or two standard cable sizes but 
the full product line weighted to show 
ehe effect of sales mix and would also 
show the voltage breakdown for each gauge 
and each proposition. 

For the sake of Interest, here are nine 
simple propositions using a fictitious 
product sales mix for 22 AWG cable and 
copper conductors only.  Cost of filling 
compound has been Ignored and Insulation 
coat per pound fixed for both solid and 
foam. 

Proposition 1 

(a) Solid Insulation 
(b) S. I. C. ef filler 1.8 

Proposition 2 

(a) Solid Insulation 
(b) S. I. C. .f filler l.A 

Proposition 3 

(a) 30% Blown Insulation 
(b) S. I. C. of filler 2.3 

Proposition 4 

i(a)  30% Blown Insulation 
(b)  S. I. C. of filler 1.8 

Proposition 5 

(a) 30% Blown Insulation 
(b) S. I. C. of filler 1.4 

Proposition 6 

(a) 40% Blown Insulation 
(b) S. I. C. of filler 2.3 

Proposition 7 

(a) 40% Blown Insulation 
(b) S. I. C. of filler 1.8 

Proposition 8 

(a) 40% Blown Insulation 
(b) S. I. C. of filler 1.4 

Proposition 9 

(a)  50% Blown Insulation 
(M  S. I. C. of filler 2.3 

TABLE I 

THE PERCENTAGE OF MATERIAL SAVINGS DERIVED FROM PROPOSITIONS 1-9 USING SOLID INSULATION AND 
P. J. FILLING COMPOUND AS THE BASE COST FOR FILLED CABLE 

Base  Prop 1   Prop 2   Prop 3  Prop 4   Prop 5   Prop 6   Prop 7  Prop 8  Prop 9 
Material  $ 106 %   Saved  % Saved  % Saved % Saved  % Saved  % Saved  % Saved % Saved % Saved 

Insulant 2.4 18 33 58 64 68 70 74 76 78 

Mylar .3 6 14 17 19 21 20 7.1 24 23 

FPA 2.2 4 11 13 13 17 14 17 22 22 

Filler 
(Vol.) 1.4 14 26 33 38 42 40 42 48 46 

Jkt. 3.4 7 14 14 18 20 18 20 23 21 

Total $ 8.3 .876 1.550 2.203 2.491 2.749 2.660 2.893 3.162 3.139 

Total % $ 
Savings 
On All 
Material 0 10.4 18. 6 26.5 30. 0 33.1 32. 0 34. 8 38.1 37.8 

NOTE (1) FILLING COMPOUND HAS BEEN CALCULATED ONLY IN TERMS OF VOLUME BECAUSE OF THE 

UNKNOWN PRICE STRUCTURE OF LOW S.I.C. FILLING COMPOUNDS. 
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As can be Been from Table I the percent savings 
on non-conductor costs varies considerably 
depending on the proposition. 

The model can also be used to accurately 
reflect freight costs ind to some extent 
predict changes In 7 '.f >r cost due to design 
changes. 

CONCLUSION 
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APPENDIX 

Symbols for Cost Equations 

COD 

d 

D 

N 

Bl 

Ll 

L2 

Kl 

K2 

K3 

WjA 

WjB 

«2 

W3A 

W3B 

W4 

W5 

Core Diameter 

Diameter of Conductor 

Diameter of Insulated Single 

Number of pairs In a cable 

X Blow of Insulation 

Constant-Overlap of Core Wrap 

Constant«Overlap of Shield 

Diameter Build Up Due to Core Wrap 

Diameter Build Up Due to Core Wrap 
and Shield & Corrugation Factor If 
Needed 

Length Corrugation Factor May Also 
Be Used, Dependent on C.P.I,  and 
Corrugation Depth 

2 x Jacket Thickness + 2 x 
Corrugation Factor + K2 

Lbs. per Cubic Inch of Cupper 

Lbs. per Cubic Inch of Aluminum 

Lbs. per Cubic Inch of Polyethylene 

Lbs. per Square Inch of Mylar 

Lbs. per Square Inch of G.R.;. 

Lbs. per Square Inch of Shiclä Material 

Lbs. per Cubic Inch of Filling Compound 

Lbs. per Cubic Inch of Jacketing Compound 
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A CRITIQUE OF MILITARY WIRt 
MAXIMUM TEMPERATURE RATINGS 

by 

R. P. Fialcowit/. 
Douglas Aircraft Company 

McDonnell Douglas Corporation 
Long Beach, Ca 90H46 

Summary 

Many elettrical and physical perfurniance tests for the evaluation of 
military specification wires are conducted at room temperature. If 
certain spccificat on wires are tested at their claimed maximum 
temperature ratint;, significant degradation in a number of these values 
is observed. This is considered objectionable. The temperature rating 
of wire should be that range in which wire can be employed without 
taking extraordinary installation precautions. This situation can be 
corrected by originating a uniform method, applicable to all aerospace 
wires, that will establish a realistic temper ■•'ire r;'1 ■n. 

Discussion 

Most papjrs presented at this meeting destnbe new developments or 
successful solutions. This paper, however, 'Jisi jsses a problem that has 
been present in the aerospace industry for many years, and one that 
has been studiously ignored. In fact, the only thrust of this paper is to 
convince the reader that the problem does exist. 

in each military wire specification, a particular number is listed and 
labeled "Temperature Rating." A position can be taken that there is 
no adequate definition in the aerospace wire industry for that term, 
nor is there a uniform method of establishing it. 

Some concurrence with this opinion is presented in a recent paper by 
Reed and Perkins.11 ) In announcing the development of TEFZEL, the 
authors admitted . . . "The determination of a rating is always 
difficult and generates controversy . . . ." Temperature rating is one of 
the most critical and definitive numbers associated with the use of a 
wire, and we live with ;\ system that is accepted ;is "difficult" and 
"controversial." 

It has been stated that there is no adequate definition for the term. 
Standard paragraph 6.1.1 found now in all the applicable military 
specifications states: "Temperature ratings as specified in specification 
sheets pertaining to this specification represent the maximum permis- 
sible operating temperature r.r the conductor. The maximum ambient 
temperature should be the rated maximum conductor temperature of 
the wire diminished by the operating rise in temperature of the 
conductor." 

This is not a definition; rather, it is a use instruction. It refers only to 
a condition existing in the conductor. It permits a particular combined 
temperature to occur continuously in a conductor. Conductors, of 
course, are insulated, and presumably this insulation will also 
experience some percentage of this temperature. Is there an implication 
that the insulation will be unaffected by that temperature? 

Further investigation of the literature reveals another exi lanation of 
"temperature rating." The recently published Brand-Rex Wire and 
Cable Fngineering Guide12' provides the following delinition: 
"Temperature Rating . . . The maximum temperature at which an 
insulating material may be used in continuous operation without loss 
ci its basic properties." This definition is, of course, not original. 
Variations of the wording can be located elsewhere, for instance, in a 
paper by Buschman.''' 

Upon study, the definition really says very little. Its most significant 
qualification is the limiting of the properties under consideration to 
the "basic" ones. But are we all agreed as to which of the electrical 
and physical properties are "basic"? And what is meant by "loss"? Is 
it partial or total loss? Is it the first sign of detectable loss in any of 
the properties? Or is it the first detectable sign of loss in the final 
property? Is it a percentage of loss? 10 or 20 percent? Is it the same 
percentage for all the properties? 

A typical military specification sheet, MIL-W-81381/12, may be 
examined. With the exception of the temperature and voltage ratings, 
every number cited in the "Additional Requirements" has a corre- 
sponding specific test procedure associated with it in the body of the 
specification. The rating of 600 volts (rms) is that mythical number 
that could be the subject of a historical study of its own. There is no 
test to ascertain that MIL-W-81381/12 wire is indeed 200oC, and 
there is no standard test cited thai was used to originally establish that 
rating. An argument might be presented that the life cycle test 
pertains to the temperature rating. But where is the justification? 
Where in the specification is the test procedure that convinces the user 
that 500 hours at 230oC is the equivalent of a continuous 200oC'> 

Sufficient testing of this construction was conducted to convince 
Elliot'4' that a rating of 230oC would be tolerable. What chance does 
this construction have of ever being rated at 230oC? None, as long as 
there is no standard method of establishing tne rating. 

As we all know, 200oC was assigned to MIL W-81381/12 by no 
particular tests. The assumed rating of the weakest constituent, 
lluorinated ethylene propylene (FEP), was given to the construction 
as a whole. And despite the fact that FEP has had its rating for a long 
time, how was it established? 

Throughout the literature of wire temperature rating, there is a 
connotation of "aging." Years ago, the commercial wire industry, in 
attempting to assign a temperature rating to wire, seems to have been 
concerned only with age. In studying the early versions of the old 
AIEE Standards 1,(5) the following statement can be found: "The 
question of how hot an insulation can be operated can be answered 
only on the basis of how long it is desired to have it last." 

This very restricted viewpoint is not fully repeated in many of the 
subsequent classical papers. Campbell and Brancato16' in 1%3 refer 
to attendant physical degradation of the plastic, as does Elliot'4' in 
1472. An ASTM subcommittee is currently working on a method to 
establish a "Temperature Index" for wire. Their unpublished drafts 
cannot be quoted, but early versions appeared to recognize the 
existence of viscous How characteristics of the insulation and excluded 
this feature from their objective. All the above literature utilizes the 
reduced physical condition as an end pomt for their accelerated aging 
tests. However, all recent work does seem to be limited to the original 
AIEE thought that aging need be the only criterion for establishing 
temperature rating. 

It is curious that although insulations do have admittedly limited life 
at elevated temperatures, there is no acknowledgment in the military 
specifications. Heslop and Frisco'7' in 1973 claimed no more than 
10,000 hours of life at 260oC for the wire that eventually became 
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MU.-W-H 1044/^0.   There   is   no  corresponding   limitatiüii   in  that 
speellicatioii sheet. 

Test Results 

It will he noted that a consistent sequence of wire types was not used 
in the following test data. This was deliberate to avoid undesired 
comparisons between the wire specification sheets themselves. The 
wires represented are not under criticism. Many are yielding out- 
standing performance in current service. What is being discussed is 
their maximum permissible temperature exposure. Only enough values 
are utilized to demonstrate detectable effects on the physical and 
electrical performances. 

Static Cut-Through 

Static cut-through represents the only test in this series which 
attempted to follow the performance of the wire types between the 
temperature regime of 20 to 150ü<". The Underwriters Laboratories 
yO-degree anvil was used as a cutting edge, and a weight of 4 pounds 
employed. Samples were stabilized in an oven for I hour belore 
applying the load. A 2500-volt potential was imposed between the 
anvil and the specimen conductor. 

It can be questioned if any of the wires represented in Figure 3 would 
be seriously considered for application if they displayed cut-through 
resistance of approximately a few seconds at room temperature. In 
actual service, what is so privileged about I.SO^C that condones this 
level of performance? 

Tensile Strength 

The primary physical property is, of course, tensile stress. All the 
following physical performance tests are just other manifestations of 
this basic characteristic. An Instron tensile tester with temperature 
chamber was used to investigate insulation slugs for the wires shown in 
Figure 1. Average tensile stre:.; at room temperature is compared with 
that recorded at maximum rated temperature. 
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2WC        IWC 
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FIGURE 1, LOSS IN ULTIMATE TENSILE STRENGTH AT 
RATED TEMPERATURE 

Elongation After Aging 

Two wire types were aged for 2000 hours at their rated temperature 
of I500C'. The wire specimens, with conductor intact, were 5 inches in 
length and umtre'-^J The exposure was not continuous, however, 
and the samples were allowed to cool undisturbed to room tempera- 
ture 12 times during the 2000 hours. Figure 2 approximates the 
percentage difference between the imaged control samples (100 
percent) and the 2000-hour aged specimens. The Instron tensile tester 
was used at room temperature for all runs. It should be noted that 
2000 hours is not an excessive length of time in the life of most air 
vehicles. 

I 

M81044/12-20 

M81044/12-22 

M81044/18-20 

M81044/18-22 
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PERCENT ELONGATION 

FIGURE 2, REDUCTION IN ELONGATION AFTER 2000 
HOURS AT RATED TEMPERATURE (150oC) 

U.L 90 DEG ANVIL 
4 POUNDS 

60 80 100 

TEMPERATURE •€ 

FIGURE 3, STATIC CUT-THROUGH 

Scrape 

A G.E. scrape machine was not available for this investigation; a 
substitute, therefore, had to be improvised. Again, the Underwriter's 
Laboratories 90-degree anvil was used. It was held perpendicular to 
the wire and scraped lengthwise along it for a distance of 1.5 inches. 
This shape proved effective and provided very reproducible data. It 
was determined no appreciable weight was needed, the 342 grams 
being the bearing load statically computed from the jig arm. The 
temperature in the test specimens was obtained by current heating. 
The temperature level was monitored by removing a 1/4-inch slug of 
insulation, birdcaging the conductor, and burying a thermocouple lead 
in the strands. After pulling the strands back into position, the area 
was covered with tape. Considerable confidence was held that true 
temperature levels were reached due to the outstanding stability on 
the Acromag digital readout. 

Scrape is essentially a variation of cut-through, and it is almost 
redundant to list it. One deficiency of Figures 4 and 5, however, is 
that they do not really convey the observed impression of the soft, 
buttery consistency of some of these insulations at their rated 
temperatures. 
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FIGURE 4,   REDUCTION IN SCRAPE RESISTANCE 
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STROKES 

400 

300 

200 

100 

0 
SVC 2600C 

M81044/28-20 

STROKES 

300 
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100 

0 

- 
ESJ   1 

2<w: iso'c 
M81044/16-20 

1000 

900 

800 

700 

600 

500 

400 

300 

2001- 

100 

0 
20^150°C 

M81044/2O-20 
U.L. 90 DEC ANVIL 

342 GRAMS 
1.5-INCH STROKE 

2.3 Hz 

FIGURE 5. REDUCTION IN SCRAPE RESISTANCE 

Scrape After Aging 

Lengths of the wire that had been aged lor 2000 hours at their rated 
temperature were scraped on the above described apparatus. These 
runs were all made at room temperature. A curious inconsistency can 
be noted in Figure h These two widely dil'lering plastic systems 
yielded opposite re.. Specuien MK1044/18 was little al't'ected in 
scuffing resist.nue 'v .Is 2000-hour exposure. Specimen M81044/12. 
on the other hand, quickly crumbled under the anvil. 

CONTROL AGED 
M81044/12-20 

U.L. 90 DEG ANVIL 
342 GRAMS 

80 - 

60 - 
-    -• 

40 - 
■ 

- 
20 

n 
- 

-     : 

m 
CONTROL AGED 
M81044/18-20 

1.S-INCH STROKE 
2.3 Hz 

SPECIMENS AGED FLM 2000 HOURS AT IWC AND 
SUBSEQUENTLY SCRAPED AT ROOM TEMPERATURE 

FIGURE 6. SCRAPE OF AGED SPECIMENS 

Solderability 

Efforts were made to wet the strands of these 2000-hour aged 
specimei - with solder. Figure 7 illustrates typical solder rejection. 

Breakdown Voltage 

A percentage difference bar chart (Figure 8) was selected to illustrate 
the falloff of breakdown voltage in a variety of wire samples. 
Inasmuch as this test was run in an oven at either I 50 or 260oC, a dry 
technique had to be used to dieleclrically test the insulation. Lengths 
of single shielded and jacketed wire were used, with the shield 
trimmed at least 6 inches back from the edges. The potential was 
imposed between the conductor and shield. ASTM DI49 procedure 
was used. 

Insulation Resistance 

Again, due to the elevated temperatures utilized, a dry test specimen 
had to be developed. A shielded and jacketed construction was 
adapted as defined in Figure 9. Test results are listed for four wire 
types in Table I. This test actually represents the greatest percentage 
falloff of a property cited herein. By examining the exponents, it can 
be noticed the insulation resistance at rated temperature is in the 
vicinity of I percent or less of the room temperature value. 

TINNED PLATED COPPER CONDUCTORS AGED AT IBt^C 
FOR 2000 HOURS 

FIGURE 7. TYPICAL SOLDER REJECTION 

MILW 22759/6 

MIL-W 22759/16 

MIL'W-227S9/18 

MIL.W-81044/12 

MII.-W-81044/18 

20 40 60 80 100 

PERCENT OF ROOM TEMPERATURE BREAKDOWN VOLTAGE 

FIGURE 8.  REDUCTION OF BREAKDOWN VOLTAGE AT 
RATED TEMPERATURE 

-INSULATION RESISTANCE MEASUREMENTS — 

EXPOSED SHIELD 

INNER DIELECTRIC 

SHIELDED AND JACKETED WIRE 

TFE SLEEVING SHRUNK 
OVER EACH END 

25 FEET 

26 FEET 

FIGURE 9. INSULATION RESISTANCE TEST SPECIMEN 

TABLE 1 
INSULATION RESISTANCE 

WIRE 
TYPE 

OHMS PER 1000 
FEET AT ROOM 
TEMPERATURE 

MAXIMUM 
RATED 

TEMPERATURE 
(0C) 

OHMS PER 1000 
FEET AT RATED 
TEMPERATURE 

M22759/6 

M22759/16 

M81044/16 

M81044/9 

1.00 x 1016 

3.80 x ID10 

1.25 x 1012 

0.65 x 1012 

260 

150 

150 

150 

1.6 x 109         1 

4.0 x 107 

1.4 x 108         | 

0.57 x 108       | 

It is conceded that the absolute values of the breakdown voltages and 
insulation resistance at these rated temperatures are still far superior 
to anything required in service. But it should not be ignored that these 
accompany the degradation in physical values defined in the preceding 
charts. 
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Conclusion References 

To repeat the principal statement of this paper, there is no uniform, 
standard method to establish the temperature rating of aerospace wire. 
Moreover, it is difficult to visualize arguments in favor of not 
immediately developing such a procedure. 

Figure 6, showing the inconsistency of performance in scrape after 
longtime aging, points out the inadequacy of using only one test 
condition to define rating. The final procedure will probably be a 
series of performance tests. 

The one test condition, cut-through, in which an effort was made to 
follow the performance of the wire throughout the temperature 
regime of 20 to 150oC, reveals a feature that might be utili/.ed in the 
eventual method. The data are preliminary and cursory, but a knee 
can be discerned in some of the curves. More detailed investigation 
may confirm this tendency in other tests: shallow falloff of 
performance with rising temperature, until a softening is reached, and 
then rapid degradation thereafter. A judicious averaging of these 
"knee" points may be used to set the maximum tei.iperature rating. 

In any event, from the wire user's point of view, wire temperature 
rating should be that temperature range in which wire can be used 
without taking any extraordinary installation precautions and have it 
last the intended life of the vehicle. 
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A NEW FAULT LOCATOR FOR COAXIAL CABLE 

K. Asada 
Nippon Telegraph and Telephone Public Corporation 

Tokyo, Japan 

T. Naruse  H. Yasuhara M. Oquchi 
The Fujikura Cable Works, Ltd. 

Tokyo, Japan 

1. Sumirary 

Among various troubles of coaxial cables, 
the dielectric weak point is one of those 
faults which are relatively difficult to 
locate.  This paper is concerned with an in- 
strument for locating a dielectric weak point 
from one end of a cable without destroying the 
cable.  It is designed with special emphasis 
laid on easy operation and transportation and 
high measuring accuracy.  With regard to 
measuring errors, our theoretical study 
agreed with the experimental results well. 

resolution.  For this reason, measurements 
are seriously influenced by the attenuation of 
a line. Therefore, this method is not suit- 
able for a long line. 

The method to be described here is that 
D.C. voltage is to be affected to make the 
fault point to discharge.  The pulse counter 
measures the propagation time of its surge. 
It thus allows to measure the distance to a 
discharge point directly by only one dis- 
charge. This method requires neither experi- 
ences nor skills.  It can locate a faulty 
point accurately and easily without giving a 
serious damage to a cable. 

Introduction 

Quick and accurate detection of a 
cable's fault location is extremely important 
for establishing a reliable cable system, 
High-capacity transmission system by coaxial 
cables has become common.  As a result, quick 
and accurate measurement of a fault location 
has become essential to cope with any abnor- 
mality not only during manufacturing process 
but also during construction, including 
laying and splicing works, and during mainte- 
nance. 

Cables can have various troubles.  This 
device is used when the dielectric strength 
between the inner conductor and the outer 
conductor of a coaxial cable deteriorates and 
a discharge starts at some voltage below the 
specified level.  Up to now, various methods 
for measuring such a faulty location have 
been proposed.  When a faulty point is com- 
pletely or almost completely short-circuited, 
it can be located fairly well by the bridge 
method or by the pulse reflection method. 
However, a faulty point is not easy to locate 
when its dielectric strength is not far below 
the specified voltage level.  Such a faulty 
point can be located either by using a high 
voltage bridge for starting discharge at the 
faulty point or by using a bridge after fault 
burning with high voltage, or by discharging 
a faulty point with high voltage pulses and 
to know the distance to a discharge point 
through measurement of the time required for 
two-way pulse reflection trip. 

Each of these methods has some defects. 
For example, the high voltage bridge method 
causes the unstability of the measuring and 
furthermore, the cable is in some case, 
destroyed by carbonizing or the melting of 
the fault point.  The fault burning method 
also damages a cable and requires a high 
voltage power source of considerably large 
capacity.  The high voltage pulse method 
requires pulses of small width to ensure high 

Principle of Measurement and Operation 

FIG.l shows the external view of the 
measuring equipment and terminal box.  This 
instrument consists of a high voltage supply, 
a differential circuit, a counter and a dis- 
play, etc., as shown in FIG.2.  Connect a 
faulty cable to this instrument and depress 
the Measure Button, and the voltage from the 
high voltage supply will rise gradually at a 
pre-set speed. 

After a while, a dielectric breakdown 
rfill occur and flash discharge will be 
generated at the dielectric weak point B. 
Surge current is propagated to the both sides 
of a cable.  The surge that is propagated to 
the remote end C is absorbed by the termina- 
tion connected at the end of the cable.  The 
surge to be propagated to the measuring end A 
reaches the point A after the time lapse of 
Ti = H/y ({.; Distance to the fault point, 
v;   velocity of propagation of e.m. waves in a 
cable). If the impedance of the point Ais 
larger than that of the cable, this surge 
will return to the faulty point B. 

FIG.l EXTERNAL VIEW OF THE FAULT LOCATOR 
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On the other hand, the discharging 
period at the point B is far longer than the 
time T 2 = 2i/v  required for the surge to make 
a two-way trip between A and B.  Since the 
point B has low impedance during this period, 
the surge that returns to B is reflected again 
and reaches A after T 3 = 2i/v  with its 
polarity inverted.  Similarly, this oscilla- 
tion is repeated while being attenuated.  This 
phenomenon can be     observed as FIG.3.1 at 
the impressing point A. 

Since this instrument has a differential 
circuit to simplify signal processing, an 
alternatingly positive and negative pulse row, 
as shown in FIG.3.2 is obtained at D. 
Therefore, the distance to the faulty point 
can be obtained by measuring the time inter- 
val of positive and negative pulses ( T = 
T3-T1 = 2l/v)   if the pulse propagation speed 
in a cable is known. 

The pulse row is separated into positive 
and negative components by the differential 
circuit, converted into logic level and is 
used as start and stop control signals for 
the input gate of the counter.  The time 
interval of pulses is T = 2il/v.  If the fre- 
quency f of a reference oscillator is select- 
ed as 

PIG.3-1 PULSE SHAPE AT "fl",  ^ ^H/di^ 

f = n/2 (1) 

the distance to the faulty point is obtained 
by the following equation.  The counter's 
indication is put as n. 

I  = vn-2f (2) 

In other words, the counter's indication 
directly shows the distance i to  the faulty 
point. 

This instrument is to be operated by the 
following steps: 

Fin.3-2 PULSE SHAPE AT "P".  *j X/div^ 

Discharge point 

B 

-€ T 

77777" 

Termination 

-'WV- H.V. 

Differential 
circuit 

Protective 
circuit 

— Inverter Amplifier 

Amplifier 

Start trigger 

pulse 

Numerical 

display Counter 

Stop trigger pulse 

Clock pulse 

generators 

J 

FIC-,?       BLOCK DIAGRAM OF FAULT LOCATOR 
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(1) Before connecting the instrument to a 
cable, set the dial to power check with 
the cord tip left open and make sure that 
a power source is normal. 

(2) Set cable select dial to a "Lamp Check" 
ranqe   and press "Measure Button"•  If 
the measurement system is normal, display 
"8888" on the display. 

(3) Connect a faulty cable to the instrument 
with its end terminating. 

(4) "Abnormal Lamp" will light up in case of 
any abnormality. The distance to a 
faulty point will be indicated on the 
display. 

and reflected pulse can be increased by 
shortening the time constant of the differen- 
tial circuit. In this case, the differential 
circuit will take out the high frequency com- 
ponents of pulse alone. As a result, the 
effective attenuation of pulse increases. 
This will be undesirable for the measurement 
of.  remote faulty points. Therefore, optimum 
values for C and R of the differential 
circuit must be selected in consideration of 
the above factors. 

4.2 Causes of errors 

4. Measuring Limits and Measuring Errors 

TABLE 1 shows the repeater spans of long 
distance coaxial cable transmission systems 
used in Japan and the standards of dielectric 
strength of various caMes. Since this in- 
strument was designed to measure a faulty 
point within one repeater span without dis- 
assembling, the following design targets were 
set. With a coaxial cable of 2.6/9.5 mm, a 
faulty point with discharge voltage of DC 500 
V - 3000V can be measured up to 5000 m.  With 
a coaxial cable of 1.2/4.4 mm, a faulty point 
with discharge voltage of DC 500V - 2000V can 
be measured up to 2500 m accurately without 
switching. 

4.1 Measuring limits 

In principle, measurements are possible 
as long as the discharge pulse reaching the 
input terminal of the instrument is above 
certain operating voltage and start the 
amplifier.  Discharge pulse arriving at the 
input terminal is proportional to discharge 
voltage and is attenuated as propagated 
through a cable.  Therefore, discharging 
pulse does not reach the operating voltage 
when discharge voltage is low and attenuated 
heavily by the cable. This is the measure- 
ment limit of a remote faulty point. 

Operating voltage should not be too low 
to prevent errors attributable to various 
noises and impedance irregularities of cable. 

On the other hand, discharge pulse and 
reflected pulse cannot be distinguished well 
when the distance to a weak point is extreme- 
ly short.  The resolution of discharge pulse 

The major causes of errors are listed 
below. 
(1) Error due to scatter in the rising time 

of transistor for receiving start and 
stop pulse 

(2) Error due to scatter in phase constant of 
cable 

(3) Error due to difficulty of distinguishing 
between discharge pulse and reflected 
pulse in case of a faulty point located 
extremely close to a measurement end 

(4) Error due to delay of the stop side gate's 
operation caused by transmission distor- 
tion of reflected pulse in case of a 
faulty point located far from a measure- 
ment end 

Other causes of error include the sta- 
bility of a reference oscillator's oscilla- 
tion frequency and the counter's digit error. 
Since a crystal oscillator is used as a 
reference oscillator and its stability is 
below 10'5, its effect can be ignored. 

Among these factors, (1) can be con- 
trolled quite well by uniformalizing tran- 
sistor characteristics at the stage of in- 
strument adjustment and by fine adjustments 
of the delay circuit. 

The factor (2) is determined by the 
probabilistic scattering of the propagation 
constant of a coaxial pair and the difference 
in the lay ratio at the time of stranding and 
the temperature characteristics of phase 
parameter. The following results are the 
measured phase parameters of the 2.6/9.5 mm 
coaxial cable recently manufactured in Japan. 

min. = 21.658 + 
ave. = 21.724 + 
max. = 21.801 + 
Temperature: 10oC 

0.257 f (rad/km) 
0.267 f (rad/km) 
0.287 f (rad/km) 
f: frequency (MHz) 

1 2.6/9.Bran Cox 1.2/4.4irm Cox 

Repeater 
Spacing (Ave.) 

4-MH2 systems 9 Km 3.8 Km 

12-MHz systems 4.5 Km 2 Km 

60-MHz systems 1.5 Km - 

Dielectric 
Strength 

Factory length DC 300CV 2 Min. DC 2000V 1 Min. 

After installation DC 3000V 2 Min. DC 1500V 1 Mir.. 

TARLF 1    REPEATER SPACING OF THE COAXIAL CABLE ^SYSTEMS 
AND THE SPECIFIED VALUE OF THE DIELECTÜIC 
STRENGTH OF COAXIAL CABLES \ 
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At high frequency, the scatter may be 
attributed to the coefficient of the first 
term.  The standard deviation oo is 0.2% and 
the difference between the maximum and the 
minimum is 0.66%.  These measurements were 
taken with about 250 m long cables.  For a 
long line, cables differring in phase para- 
meter are more likely to be randomly connect- 
ed to obtain a 5,000 m, parameter scatter will 
decrease.  If twenty cables are connected to 
obtain a 5,000 m long line, standard deviation 
a will be oo//75.  The temperature modulus of 
ß is not large. But these errors can hardly be 
avoided. 

The factor (3) depends on the time 
constant of the differential circuit of the 
instrument's input terminal, as discussed 
before.  Since the time constant is limited 
by the relation with a measuring distance, 
error due to this factor is limited. 

The factor (4) is inevitable since the 
propagation function of a cable has a fre- 
quency characteristic.  Its effect is large 
when discharge voltage is low and the dis- 
tance to a faulty point is large. This error 
can be decreased by attaching an equalizer. 
However, it is not realistic to use a wide- 
band equalizer for this purpose when the 
error is within certain allowable range. 

These measuring error characteristics 
depend on the distance to a faulty point and 
cable type, discharge voltage and instrumen- 
tal error. 

4.3 Analysis of discharging pulse waveform 

Let us obtain the state of discharge 
pulse propagating through a cable analytically. 

An equivalent circuit is shown in FIG.4. 
We assume a cable's propagation parameter as: 

y 

s 

a/s + bs 

ju, a) = 2Trf 

»a/s + bs 1 sw 

E 

Z; Characteristic Impedance of 
the Cable 

y; Propagation Parameter 
C; Capacitance of the Differential 

Circuit 
R; Resistance of the Differential 

Circuit 
SW; Switch 
E; DC. Power Supply 
V; Voltage 

FIG.'t  EQUIVALENT CIRCUIT 

When the switch is turned on at the time 
t = 0, the voltage V (s) received at the in- 
put teTiinal of the instrument is as given 
belov: 

V (s) RE 

s{(R + —OcoshV« + Zsinhn) sc 

(3) 

2REe~ tav/^+bs' * 9 r rs+Q;  -2(a/s + bs)ti n 
(R + Z )(s +fl,) 

R - Z ^ _    1 

n=0L  s+fii e 

fi, 
R + Z 

R ;* Z 

C(P. + Z) 
-, Q 

C(R - Z) 

(4) 

The right member of the multinominal 
expression indicated discharge pulse, 
reflection and re-reflection pulse , 
respectively. It is significant to note the 
waveform of the discharge pulse of the first 
term (n = 0) and the reflection pulse of the 
second term (n =1) .  Their reverse transforms 
are given as 

"'<*> -THUSTJ 

ah7 

rtexp[-ni(t-T)-4(T_b)l)] 

bSL (T-bJL) T7T di (5) 

Mt) RETOafc 
/r(R+Z) 

9 a -e 
.texp HMt-T)- 4(T.3b)t)] 

(T-3bn 
3/2 dt 

"1 

REr-3at (-Ri+n ;) 
/ir(R+z) 

t(t-T)exp[-fMt-T)- jT^^y] 

(6) 

3b4 (T-3bS,) 
3/2 

dt 

FIG.5 - FIG.8 show the results of the 
numeric calculation for 2.6/9.5 mm coaxial 
cables. The distance to discharge point and 
R of the differential circuit were taken as a 
parameter leaving (R+Z)C constant.  In these 
graphs, RE/(R+Z) is normarized by 1.  FIG.5 
shows that discharge pulse overlaps with 
reflection pulse when the distance to a dis- 
charge point is short. And it shows that the 
larger R is better as for the wave distortion 
due to overlapping. FIG.6 shows the relation 
between peak values of the pulses and distance 
to the faulty point for some value of R.  In 
this case the larger R is better than the 
smaller one, too. FIG.7 shows the pattern of 
the discharged pulse and reflected pulse at 
each distance. And FIG.8 shows the relation 
between error and distance to a weak point at 
each discharge voltage. The operating voltage 
is assumed to be 3V, and R is lOOOfi.  It shows 
the experimental values agree well with the 
theoretical results. 

The dynamic receiving range is obtained 
from these calculated values. 

Dynamic range due to distance     3 8 dB 

Dynamic range due to difference   16 dB 
in discharge voltage 

Then the maximum ratio of the two 
pulses is calculated to be 54 dB.  In other 
words, theoretica'.ly speaking, the internal 
line uniformity mist be at least 54 dB in the 
severest test condition, or else, it is im- 
possible to distinguish a discharge pulse 
from a reflection pulse occurred at the 
nonuniform point of the cable.  But, in our 
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experiment,   it  is  found that this instrument 
can locate the discharge point correctly,   if 
there are some  irregularities about 20 dB 
measured with 10 ns pulse echo tester.    This 
seems to be explained by rapid attenuation 
of high frequency components of discharge 
pulse during transmission through a line.     It 
is  found that even a considerably  large 
irregularity in a line gives no influence on 
the measurement of a discharge point. 

The measurement accuracy of a remote 
faulty point can be improved further by 
reffering FIG.8  as a calibration curve.     To 
ir.sasure a faulty point within the distance of 
20 in,   about 20 m long coaxial cord with known 
propagation velocity can be attached to the 
inp .t terminal and an adjustment can be made 
later.     In other words,   the distance to a 
cable's  faulty point can be obtained by the 
following equation.     Where  Ic and fc are cord 
length and pulse propagation velocity  in cord 
respectively. 

*  = n  -  —  S.c (7) vc 

a 
IS 

< 
x 
o 

en 

0.1 

0.01 

0.001 
0 0.2 O.f        0.6 0.8 

2.0   . 

1.5 

r-* 1.0 a 
I 

0.5 

-0.5 

-1.0 

-1.5  * 

R=iooon 
R=7';n 
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5. Performance 6. Conclusion 

This instrument is designed to ensure 
easy maintenance work at the field.  The 
major features are listed below: 

(1) It is small and light.  A high voltage 
power supply is built into this in- 
strument. A maintenance worker can take 
measurements with this instrument alone. 
Since it weights less than 10 kg, it is 
easy to carry. 

(2) It works with any of the three types of 
power source; namely, AC 100V, DC 12V 
power source (automobile's battery) and 
a built-in dry batteries (1.5V x 10). 

(3) It requires no afjustment.  Operators 
only have to specify a cable to be 
measured with the cable selection switch 
and to depress "Measure Button". 

(4) The distance from the measuring end to a 
weak point is digitally displayed in 
meter to allow direct reading. 

(5) The high voltage generator circuit works 
only while "Measure Button" is being de- 
pressed.  When "Measure Button" is re- 
leased, voltage falls and the charge in a 
cable is automatically discharged to 
ensure safety. 

The main performances of this instrument 
and the terminal box are shown in TABLE 2. 

This instrument was subjected to a tem- 
penture and humidity test, an impact test 
and an vibration test as environmental tests 
under normality in these tests. 

2. 6/9. Sim 
Coaxial Cable 

1.2/4.4».    j 
Coaxial Cable 

1 Measurina limits 30   5000m 30  250Cn  | 

Output Voltage Max. 3000\' Max. rooov  ! 

100m + 3ni           1 

i 100m i 2l 

Electric Source AC 100V, DC 12V,            1 
Dry Battery (l.SVxlO)       | 

Dimension K      W      L       1 
220nvra x 320r-jr, x 240irj!i     j 

Weight lOKg               1 

TARLF 2.1 PERFORMANCES OF FAULT LOCATOR 

This instrument is made use of the 
propagation time of the current surged from a 
discharge point with applying DC high voltage 
to a cable.  And it permits stable measure- 
ment without carbonizing and melting a dis- 
charge iioint. Recently developed digital 
technique was fully used to realize easy 
operation. 

Several units of this instrument are 
being subject to field testing.  It is to be 
used by Nippon Telegraph and Telephone Public 
Corporation for maintenance in the near 
future. 
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FIG. 9.2 IMPACT TEST 

Dielectric Strength DC 3C0CV 5 nin.     | 

Input Tr.podanco     | 75  + 10", at 2.5 KHz 

Dimension 
li      K      L  j 

ISOirn x llOr« x 170nn 

Weight 3 Kg         j 
t amplitude  i'.mm 

'—» 5Hz vibl?tion for two hours 

TAPLF 2.2 PERFORMANCES OF TERMINAL BOX FIG, 9.3 VIRLATION TFRT 
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PRECISION INSERTION LOSS '.cASUREMENTS AND DATA ANALYSIS ON MULTIPAIR CABLE 

J.   Kreutzberg  and T.   D. 
Bell  Laboratories 
Atlanta,   Georgia 

Nantz 

SUMMARY 

An analysis  procedure  is  described which 
yields multipair  cable   transmission prop- 
erties and geometric and material parameters 
over the  100  Hz  to  15  MHz band  from accurate 
measurements  on  2-3   thousand   feet of cable 
in the    10   KKz  to  15  MHz band.     Accuracies 
obtainable  are 0.3 percent or better  for 
the  transmission properties  and  1-2 percent 
for the  geometric  and material  properties. 
Dissipation  factor is  estimated  to  10 per- 
cent or better. 

1.     Introduction 

The objective of  this   paper  is   to show how, 
from a limited set of measurements on a 
representative  length  of multipair telephone 
cable,   a  full characterization  of cable 
transmission and material properties  can be 
obtained.     This  is  accomplished by accurate 
transmission measurements,   appropriate 
estimation and substantial  computation. 

First,   a  few  terms  should be  defined.     By 
accuracy,  of course,  we mean  closeness  to 
truth and not resolution.     By  transmission 
properties,  we  refer  to the  primary  and 
secondary  constants  listed in  Figure  1 and 
not to crosstalk  and other unbalance effects. 

PRIMARY CONSTANTS 

RESISTANCE 

INDUCTANCE 

CONDUCTANCE 

(DISSIPATION FACTOR) 

CAPACITANCE 

SECONDARY CONSTANTS 

ATTENUATION 

PHASE CONSTANT 

CHARACTERISTIC IMPEDANCE 

IMPEDANCE ANGLE 

Figure  1 

Measured  transmission properties  of  cables 
include  effects   of  the measurement setup. 
In  the  case of  primary constant measurements, 
these  are  primarily propagation effects  due 
to cable   length.     Secondary constant measure- 
ments  are primarily  influenced by  termination 
mismatch   to  the  measuring set.     In both  cases 
the measurement data needs  to be  processed 
to  remove  the   test setup effects  and yield 
the  true  primary  and secondary  constants 
which  characterize   f-he transmiission proper- 
ties of  a cable  indupindenf / of its environ- 
ment of  use.     It  is  these oight  true  proper- 
ties  that we  r.re working  ;D quantify.     First, 
it should be  stated that it is  only  necessary 
to determine  any   four of the eight desired 
parameters.     The  remaining  four can  then be 
accurately  computed. 

It  is  important  to character..:. n 
relatively  long  lengths pr^    .   . .se 
that's  how it  is  used.     Ext long 
length behavior  from short  ±e;.^       (ie.iS"re- 
ments  can be  hazardous.     Howevoi.       ~   "i- 
promise must be  made between  leno'     ai;d 
measurement  frequency band.     Two   .o  throe 
Uiousand  feet  seems  a good compromise  fci 
measurements   in   the  10  KHz  to  15  MHz  bard. 
Also,   the  importance of accurate measurement 
of cable  length  cannot be overemphasized. 

What properties  can be measured accurately 
in  lengths  of  a  few thousand  feet?     Insertion 
loss  and phase  are obvious  choices.     Since 
measurement results  are strongly  influenced 
by  the  test set  source and terminating im- 
pedances,   the  measurement data will have   to 
be  processed  to  convert from insertion  loss 
and  insertion  phase  to the desired attenua- 
tion and phase  constant.     The primary  con- 
stants  are measureable,  but with varying 
accuracies  due   to propagation effects.     Of 
these,   capacitance is the easiest to measure 
accurately,  particularly  for cables with 
polyolefin insulation where dielectric 
constant  is   flat  over the  frequency  range  of 
interest.     In   lengths  to 3000   feet,   capaci- 
tance propagation effects  are small. 

Dissipation  factor, which  is  a measure of  the 
cable  insulation   loss,   is  directly  related  to 
conductance  through capacitance  and can be 
estimated  from   the shape of insertion  loss  or 
attenuation versus   frequency by suitable 
curve  fitting  and computation.     Fortunately, 
the effect of dissipation factor on  the com- 
puted results   is  small so some  inaccuracy   in 
its  estimation   is  acceptable.     A ten percent 
error in  the  estimation of dissipation   factor 
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at  the  lOOO microradian  level will produce 
no more  than  a half percent error in ex- 
tracted resistance.     Effects  on the other 
properties  are  negligible. 

We  have now identified  three  parameters  to 
be   measured,   insertion   loss,   insertion  phase, 
and capacitance,   and a  fourth,   dissipation 
factor,   that  can  be  estimated with  sufficient 
accuracy.     These,   together with measurement 
of   test set impedance will  permit conversion 
from insertion loss  and phase  to attenuation 
and phase  constant  and computation of  the 
^^maining transmission parameters over the 
entire measurement  frequency  band. 

2.     Measurements 

How  is   this  done?    We measure   insertion  loss 
and phase with  a Computer Operation Trans- 
mission Measuring Set^-   (COTMS)   as  seen  in 
Figure   2. 

Figure  2 

The  set uses  a microbel  comparison  technique 
and is  capable of  insertion  loss  and phase 
measurement in  the  50  Hz  to  1  GHz  range. 
Generator and detector  impedances  are   50 
ohms  coaxial.     Loss  accuracy   is  0.01  db  in 
20   db  over the  10  KHz  to   15   MHz  band. 
Corresponding phase  accuracy  is  0.2  degrees 
in   360.     Since  telephone  cables  are  used 
in  the balanced mode,   unbalanced to balanced 
transformers  are  used  to  change modes  and 
provide some degree of  impedance matching. 
The  basic circuit  is  shown  in  Figure   3. 

By making  an  insertion  loss measurement on  a 
highly  accurate  resistance standard that is 
flat with   frequency,   Figure  4,  we  can extract 
the complex generator  and detector impedance 
versus   frequency.     In   this process,   it  is 
assumed  that   the  generator  and detector 
impedance  are  equal. 

TEST SET IMPEDANCE MEASURING CIRCUIT 

STANDARD 
RESISTANCE R+jo 

Figure   4 

Next,   capacitance measurements  are made  at 
1 KHz  on   a  General  Radio  16 83  RLC Bridge. 
We measure   the  direct  capacitances  to mate 
and ground,   compute  the mutual capacitance 
and correct  for propagation effects.     This 
is done  to an  accuracy of 0.2 percent.     For 
cable  pairs with polyolefin insulation, 
capacitance  is   constant over the  frequency 
band of  interest.     The mutual  capacitance 
measured  at  low  frequency can be  accurately 
used at all  frequencies .     For pulp  and PVC 
insulated pairs,   capacitance change with 
frequency  can  be modeled,   so,  given  low 
frequency  capacitance,   capacitance  at other 
frequencies  can be  readily estimated.     DC 
resistance  is  measured  to an accuracy of 0.2 
percent, 

3.     Transmission Parameters  in the 
Measurement Band 

Cable  transmission loss  is  composed of  two 
components,   a  series   resistive component 
associated with  the  copper loss  increasing 
in the megahertz  region with  the  square  root 
of frequency  and a shunt dissipative rcm- 
ponent associated with   the dielectric   loss 
increasing directly with  frequency.     These 
relationships   are shown  in Figure  5. 

HIGH FREQUENCY CABLE ATTENUATION COMPONENTS 

CABLE PAIR MEASURING CIRCUIT 
RESISTIVE DISSIPATIVE 

SIGNAL 

SOURCE 
t» DETECTOR 

MATCHING 
TRANSFORMER 

MATCHING 
TRANSFORMER 

Figure   3 

ATTEN * w CAP      +     PHASE CON'DISFAC 
IND  '      2 

a   a + b sfT + cf 

DISfAC   *   PHASE CON 

Figure  5 
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By polynomial curve   fitting to   the  insertion 
loss  measurement data over an  appropriate 
frequency band,  say  0.4-12.0  MHz,   these  two 
components can be separated and quantified. 
Dissipation  factor  can  then be   computed  from 
the  direct frequency  term,   cf,   and the  meas- 
ured  insertion phase.     This  process extracts 
an effective dissipation  factor which may be 
different  from the  insulating material   loss 
properties.     If  the  cable  pair being  analyzed 
has   sufficient unbalance  to cause  mode  con- 
version or if the pair is  driven with  a sig- 
nificant longitudinal component,   any  non- 
square   root of  frequency  contribution  due 
to  these causes will  influence   the extracted 
dissipation factor  values.     For   typical 
cables,  we estimate   this  technique  extracts 
effective dissipation  factor to  an  accuracy 
of  at   least 10  percent which  is  more  than 
adequate  for computation of the  other trans- 
mission properties   to accuracies   commensurate 
with  the  insertion  loss  and phase measurement 
accuracy. 

The  computation of   the extracted  primary  rmd 
secondary constants   is  performed in an  itera- 
tive   loop  from the   above  data as  shown  in 
Figure  6. 

ITERATIVE COMPUTATION OF CABLE 
PROPAGATION CONSTANT 
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Figure 6 

The   insertion ratio,    t ,   of a  uniform  trans- 
mission  line of  length  8, with  characteristic 
impedance,   Zo,   and propagation  constant y 
inserted between a  generator and detector of 
impedance  Zt is  given by  the  central equa- 
tion.     If Zo and  Zt were known,   we  could 
solve   for yk directly.     However,   since   Zo is 
not known,  we must  use an  iterative  tech- 
nique.     The measured value  of   insertion  ratio 
is  used as  an initial  value  for propagation 
constant.     Zo is  then estimated  from that and 
the  measured capacitance  and estimated dis- 
sipation  factor.     This   Zo  is  then  used  to 
compute a correction  factor to  yi based on 
mismatch.     The  loop  is  iterated  until   the 
change  in    yl  from  the  ith  step  to  the 
(i+l)th step is  suitably  small   (typically 
.05%) . 

This   technique works 
quencies   (generally 
mismatches  are  small 
quite   close.     Howeve 
region,   convergence 
because  the initial 
measured insertion  1 
enough to the  final 
gence .     In order  to 

fine   at higher  fre- 
above  100  KHz)   where  the 
and  the  initial  guess 

r,   in  the   lower  frequency 
does  not  always  result 
guess   obtained   from  the 
oss may not be close 
value  to assure  conver- 
solve  this   problem,   the 

following  is  done.     For  the two highest fre- 
quencies ,   the  technique  described above  is 
used.     Usually   these  are  in the megahertz 
range and convergence  is  assured.     Then for 
each   frequency  below  the  two highest,   the 
initial  guess  at  yl  is   obtained by  a  straight 
line extrapolation of   the previous  two higher 
frequencies.     This  change in the process of 
obtaining  an initial  estimate  leads   to con- 
vergence down  to  about   10  KHz  for cables  in 
2000-3000   ft.   lengths. 

If  the  iterative  process  used to compute 
attenuation and phase  constant  is  itself 
iterated on dissipation   factor,   a better 
estimate  of dissipation   factor  is obtained. 
Two passes  through  the  process  is  sufficient. 

With propagation constant determined,  we have 
attenuation and phase  constant directly, 
being  just the  real  and  imaginary  components, 
respectively.     This  is  shown in Figure  7. 
From propagation  constant and characteristic 
impedance,  we  compute  distributed resistance 
and  inductance. 

COMPUTATION OF CABLE RESISTANCE AND INDUCTANCE 

R + jWi =y»Zo wh*r« 
Zo=U,|/f_ 

R = R«(y'/o 

L = CO 

iX   = MUNIMIION 

Ji    - PHASi CONSTANT 

|Z0|    = MAGNITUDE CHA«ACTf«ISTIC IMPEDANCE 

M = ANGLE CHAIACTEIISTIC IMPEDANCE 

I = DESIST ANCE 

I = INDUCTANCE 

U = 1WS 

Figure 7 

4.     Low Frequency  Transmission Parameters 

To this  point,   then,  we have shown how the 
primary  and secondary   transmission parameters 
of multipair cable pairs can be extracted 
from insertion  loss  and phase  and capacitance 
measurements   from 10  KHz  to 15  MHz.     Our  goal, 
however,   is  to  characterize cables over the 
entire  transmission band of interest to the 
telephone engineer,   namely  from 100  Hz and 
below to  15 MHz.     To extend our characteri- 
zation down to  the  lowest frequency  of inter- 
est,  we employ  intelligent extrapolation and 
interpolation.     Though we can measure  and 
compute  to  10  KHz,  we  believe  the measure- 
ment results  are  noisy below about 40  KHz. 
It  remains  to estimate   transmission  proper- 
ties  below  40   KHz. 

Low   frequency  inductance  is nominally  linear 
below about 100  KHz.     A least squares  linear 
fit  to the extracted  inductance data  is made 
in  the  40-100  KHz band  and the  slope  and zero 
frequency  intercept are determined.     Induct- 
ance  at  any  frequency  between 40 KHz  and DC 
can now be  computed  to  about one percent. 
By  suitable cubic  curve   fitting between the 
measured  DC resistance  and the   40 KHz  resist- 
ance and  their slopes,   resistance can be es- 
timated  to better than  one percent over the 
low  frequency   range. 
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A linear least squares  fit to extracted dis- 
sipation factor versus  log frequency in the 
0,1-1.0 MHz band gives  a reasonable basis 
for extrapolating dissipation  factor down 
to the lowest frequency  of interest.    A 
minimum value of 200 microradians   is allowed, 
which is  representative of high  quality com- 
mercial polyolefins. 

With the  four primary  constants  now defined 
over the entire  frequency band of interest, 
the secondary constants  can be  computed using 
the equations  in  Figure   8,   giving  the  fuil 
range of transmission parametera   over the 
band.     With  sufficient replication of the 
measurement process over different gages and 
pair counts,   a statistical data base can be 
built. 

COMPUTATION OF CABLE SECONDARY CONSTANTS 

Determination of dielectric constant is more 
complicated because it is non-uniform within 
the cable  core.     The  conductors  of a pair are 
generally  closer  to each other than they  are 
to the  conductors  of the other pairs  surround- 
ing them.     Also,   the  insulation and  fill 
space  around  the  pairs  are different  and, 
hence,  have different dielectric constants. 
However,  estimation of dielectric constant 
is  amenable  to computation.     We have  a com- 
puter program that solves  LaPlace's  Equation 
in two dimensions   for multiple  circular 
conductors,  with  circular insulation and a 
circular overall  Ehield.     By  arranging  the 
insulated conductors  appropriately in  this 
model,   a configuration simulating a pair in 
a multipair cable  can be realized.     Figure  9 
shows  the basic geometrical relationships. 

MULTIPAIR CABLE PHYSICAL CHARACTERISTICS    . 

a= R. \/wC(«+ja>l) |Fp+j) 

ß   - ImsJUW+jM iff*,)' 

llo 

Figure   8 

5.    Extraction of Material and Geometric 
Properties 

At this point, we have  satisfied  the needs 
of  the  telephone  system designer  and some of 
the needs  of  the  cable designer  for cable 
characterization  information.     However,   for 
the cable designer who is  interested in 
cable  transmission models   to predict trans- 
mission performance of  arbitrarily specified 
new designs,   the effect of material proper- 
ties  and cable  geometry needs  to be  related 
to the  transmission properties. 

Specifically,   the  relationships  between 
physical properties  such  as  pair  conductor 
diameter,  conductor conductivity,   pair 
spacing,   insulation diameter,   and dielectric 
constant and the  transmission properties 
need to be quantified.     Unfortunately,   firm 
theoretical relationships  for these param- 
eters  for multipair cable  do not exist at 
this  time,  so we need to  resort  to empirical 
techniques. 

Conductor diameter can be measured  at the 
cable ends with a micrometer or  can be 
estimated from direct current resistance 
measurements by  assuming a conductor mate- 
rial conductivity.     Or conductivity  can be 
determined experimentally   from accurate 
resistance measurements   and weighi.ig of a 
carefully measured short length.     Wire 
spacing of a pair can be  computed  from the 
zero  frequency  inductance  intercept. 
Diameter over the  dielectric can best be 
determined  from production  line  measurements 
or on a shadowgraph  from cable  cross  section 
samples. 

Figure  9 

The conductor diameter,  d,  diameter over  tha 
dielectric,   DOD,   conductor spacing,  S,   and 
dielectric constants  of the conductor  insula- 
tion,   e2,   and surrounding area,   ej,   are  spec- 
ified.     Then,  by  appropriately  adjusting  the 
positions  of  the  conductors  forming the 
shield around  the  pair being modeled,   the 
measured direct  capacitances  can be dupli- 
cated  and the  corresponding effective  dielec- 
tric constant obtained. 

We now have  reasonable estimates   for the 
basic material  properties  and  the pair  geom- 
etry associated with  a particular set of 
transmission measurements.     Using similar 
data from a variety of cables,   empirical 
models  to predict  transmission properties  of 
multipair cable  can be  constructed  for  a 
reasonably broad range of input parameters. 
Thus,  we have  satisfied the remaining needs 
of  the  cable designer. 
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6.     Summary 

In summary then,  Figure  10, we have shown 
how all of the  transmission parameters  and 
material and geometric information from 
multipair cables can be obtained over a 
wide band  from a limited set of measurements 
and some knowledgeable estimation.    Typical 
accuracies  for the various measured and 
extracted parameters  range  from around 0.3 
percent  for the extracted transmission 
parameters to one to two percent for the 
dimensional and material property extrac- 
tions .      Dissipation  factor is  extracted  to 
10 percent or better. 
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DESIGN AND OPERATIONAL CHARACTERISTICS OF CABLE PRESSURE TELEMETRY SYSTEM 

Y.   Goto, M.   Kusunoki 

Nippon Telegraph & Telephone Public  Corporation 
Tokyo, Japan 

Summary 

Even when cable systems are constructed 
according to standards, experiences show 
that circuits may be put out of service 
because of failures in cable sheaths or 
splices.  Circuit trouble due to the water 
penetration may be avoided by keeping the 
cable under gas pressure. 

However, the number of gas leakages is 
rising year by year, in proportion to the 
increment of pressurized cable installations 
and manpower required to repair the gas 
leaks occupies a large portion of the cable 
maintenance.  k  cable pressure telemetry 
system was developed under NTT auspices to 
reduce the manpower needed for locating gas 
leakage points and to shorten the time 
required to repair the gas leaks in pressu- 
rized cables.  This system consists of gas 
pressure supervisory and display equipment 
(center equipment), which is installed in a 
telephone office, and gac pressure sensors 
(pressure transducers), which are enclosed 
in the cable splices. 

Commercial testing of this system is 
now under way at four telephone offices in 
Tokyo and in Tokai, Kyushu and Hokkaido 
areas and has shown satisfactory operation 
so far.  This paper gives an equipment 
outline and field trial results. 

Introduction 

The pressurization method for tele- 
communication cable maintenance was intro- 
duced in NTT in 1947, and it has been most 
effective in giving early warning of trou- 
bles which affect service.  However, the 
number of gas leaks is rising year by year 
in proportion to the increase of pressurized 
installations.   In 1974, there were about 
18,800 such troubles (16.3/year'100 km shea- 
th length). 

Repair work for these gas leaks   gas 
leak point locating and failure repair work 
__ _ requires an average of 6 man-days. 
Locating the gas leak point requires 5 man- 
days and takes as much as two days elapsed 

time.  Therefore, saving of manpower used 
in this locating work is the principal 
objective. 

Gas leak point locating work, as prac- 
ticed today by NTT, is as follows: 

When a gas leak is detected by a contact 
manometer Installed at the cable end or by 
gas flow alarm unit attached to the gas 
source, repair men begin measuring the gas 
pressure in the cable along the cable route, 
using mercury manometers.  Measured values 
are plotted on a gas pressure distribution 
diagram to determine the leakage point. 
In this method, gas pressure measurements 
are carried out simultaneously at three or 
more points.  At least 30 minutes are 
required for one measurement.  This process 
is repeated along the cable route, changing 
the measuring points.   In each set of 
measurements, the first measurement point 
is the same as the last point of the prece- 
ding set.  During this process, gas press- 
ure in the cable continues to fall.  Hence, 
the measured pressure value must be correc- 
ted at every set of measurements.  There- 
fore, this method is not very accurate, 
considering the time and manpower required. 
Recent restrictions on work in the manholes 
along roads, especially in urban areas, 
makes the problem more serious. 

In 1971, NTT started its basic study on 
the most effective method of locating gas 
leakage points, at the Ibaraki Electrical 
Communication Laboratory.  In 1972, cable 
pressure telemetry equipments were manu- 
factured for trial use and, in 1973, field 
trial of these equipments was carried out. 
Results showed that the basic equipment 
characteristics and the gas leakage point 
locating accuracy almost fulfilled the 
requirements, only a few modifications being 
needed.  Then, reliability tests on the 
equipments were carried out.  Commercial 
tests of the system using the modified 
equipments are now under way. 

System Construction 

The cable pressure telemetry system 
consists of a gas pressure supervisory and 
display equipment (center equipment), which 
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is Installed in a telephone office, and gas 
pressure sensors (pressure transducers), 
which are enclosed in the cable splices. 
An outline of this system is shown in Fig.l. 

Th(j center equipment normally operates 
in an automatic mode and monitors the status 
of the cable gas pressure all the time. 

Gas pressure sensors are installed at 
certain intervals according to the types of 
cables to which they are applied and the 
cable route construction. 

In the following sections, a detailed 
description of these equipments is given. 

unit is oowered all times.  A selective 
filter ui'it responds to the scanning signal 
from the renter equipment and turns on the 
power switching unit.  D.C. voltage from 
the center equipment is supplied to the 
voltage stabilizer unit and stabilized 
voltage is supplied to the current supply 
unit and the voltage-current transducer 
unit. 

A gas pressure sensor unit consists of 
a bellows and a pair of semi-conductor 
strain gauges, as shown in Fig.4.  Gas 
pressure is continuously exerted onto a 
bellows which expands until it applies 
force to the measuring lever, balancing 

TUepntnc 

ÄX/T*   t SOtutfiber cable 

i    do    Q 
•   2       Sutxw faar wie 

"5   @    & 
Eil      Eil      Ch 

Routt * Teil cable 

ü   ä    S 
Junchon cabie 

El      Q     0 

—•WM*- 

E       E 

EJ 

Oat piutf 

njlrui 

SiitUWi btr-   Cable 

Q      B      & 
H    ä   & 

Ttlepfiont etfice 
ufHtw observation 

Fig. 2 Gas pressure sensor 

external view 

Fig.l Cable pressure telemetry system 

Cable Pressure Telemetry 
System Equipments 

Gas Pressure Sensor 

The gas pressure sensor converts the 
gas pressure into an electric current pro- 
portional to the gas pressure.  An exter- 
nal view of the gas pressure sensor is 
shown in Fig.2 and a blockdiagram is shown 
in Fig.3. 

The gas pressure sensor operational 
sequence is as follows: 

An individual frequency, ranging from 
382.5 Hz-to 982.5 Hz with 30 Hz spacing 
between them, is allocated to each gas 
pressure sensor.  The response circuit 
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Fig.4 Gas pressure sensor construction 

with the bending elasticity of the lever. 
The strain of the lever due to the force 
conveyed from the bellows is converted into 
resistance change of the semi-conductor 
strain gauge on the measuring lever. 

The pair of strain gauges forms a cir- 
cuit, as shown in Fig.5, and is supplied 
with constant current I from the current 
supply unit.   If the electric resistances 
of the rt;pective strain gauge change by 

r in direction opposite to each other due 
to a charge in gas pressure, differential 
voltage 

Vd > 21- r 

is generated between the strain gauges. 

The differential voltage is transduced 
into the constant current through the 
voltage-current transducer unit and a curr- 

ent proportional to 
gas pressure is tra- 
nsmitted to the cen- 
ter equipment. 

The sensor spac- 
ing, taking into 
account the gas leak 
point locating accu- 
racy, is less than 
1.5 km for junction 
and toll cables. 
In the case of local 
underground cable, 
sensors are insta- 
lled about 500 meters 
from a telephone 
office, at the end 
of the cable route 
and at an intermedi- 

ate point, because the length of local 
underground cable is usually less than 4 km 
in Japan.   If there is a branched cable, 
which is more than 200 meters long, an add- 
itional sensor is installed at the end of 
the branched cable.  With this spacing, the 
pinpointing accuracy is expected to be 
within one span between manholes (100 - 150 
meters). 

Forte 

lb) Stningiuge pert 

Gas Pressure  Supervisory and Display 
Equipment 

Gas pressure  supervisory and display 
equipment  (center  equipment)   is  installed 
in the telephone office or at  the cable 
maintenance center,   gas pressure sensors 
being connected to  this  equipment by a 

leased circuit. 

Cjrrent 

r- 
w 

tffiWt- 

/- Ar 

i 

^ \ 
* ftninpuje 

>?))// 

Fig.5    Constant current bridge circuit 

An external  view and a 
blockdiagram of  the gas press- 
ure  supervisory and display 
equipment are  shown in Figs. 
6 and 7. 

This   equipment consists of 
a power  feeding unit,   super- 
visory and  logic unit,   display 
unit and memories  for correct- 
ion and alarm point.       Gas 
pressure  signals   from the gas 
pressure  sensors are computed 
in the  supervisory and logic 
unit,   comparing  them with the 
predetermined value held in 
the memory unit,   and displayed 
or printed out  by the display 
unit. 
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nsTfe Fig.7  Gas pressure supervisory and display 
equipment blockdiagram 

Fig.6 Gas presbure supervisory 
and display equipment 
(center equipment) 

This equipment has the following func- 
tions: 

(1) Power  feeding function 

As IC's are used in each gas pressure 
sensor, three-wire power feeding system 
consisting of + and - metallic circuit 
wires and a return phatom on two metallic 
wires is employed.  The supplied power 
voltage is +60 volts and -20 volts, with 
respect to the phantom line. 

(2) Scanning function 

A scanning signal at a frequency rang- 
ing from 382.5 Hz (CH 1) to 982.5 Hz (CH 20) 
at 30 Hz spacing is sent out in turn for 
all cable routes.  All the cable routes 
are scanned simultaneously.  The sending 
time for each frequency is 2 seconds, and 
scanning pauses for the next 2 seconds. 
Therefore, a scanning frequency is sent out 
every four seconds and the whole cycle of 
scanning 20 channels takes 80 seconds. 
(See Fig.8)  Normally, the center equip- 
ment is operated in an "automatic model' 
If required, the operating mode is switched 

to "manual mode" whereby any desired route 
can be scanned individually. 

(3) Gas pressure display function 

In the 80 seconds scanning cycle, the 
scanning frequency current is sent out in 
turn for 2 seconds at 2 second intervals. 
During the latter half of the 2 second 
scanning time, the cable route is scanned 
sequentially by line switching circuit. 
The response signal from each route is 
compared with the predetermined standard 
voltage, print out level or alarm level, 
in the comparator circuit in the analogical 
supervisory unit. (See Fig.8) 

a) If the gas pressure is normal in 
every cable route, the 80 seconds 
comparison cycle is repeated. 

b) When gas pressure falls below a 
predetermined value (for example, 
550 g/cm^) in any cable route, the 
analogical supervisory unit memori- 
zes the faulty cable route, and, in 
the next 80 seconds, the gas press- 
ure of only the faulty cable route 
is precisely measured sequentially 
from CH 1 to CH 20, the measured 
value is transduced into a digital 
signal and the value is automati- 
cally printed out, together with 
date, time, route number and gas 
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pressure sensor channel number. 
In the next 80 seconds, gas press- 
ure in every cable niate is scanned 
and compared again as in the normal 
condition. 
These operations are repeated every 
20 g/cnr drop. 

This operational procedure is adopted 
in order to reduce spotting error. 

When required, the gas pressure distri- 
bution along any chosen cable route can be 
manually displayed and printed out. 

If there is an error in the displayed 
pressure value, due to aging of the gas 
pressure sensor, it can be corrected, 
before being displayed, within a range of 
i 15 g/cm2.  The corrective pressure 
value is memorized in the memory unit. 

(4) Alarm function 

When the gas pressure falls below the 
alarm value (300 g/cnr for local cable, 
400 g/cm for toll cable), an alert is 
indicated by the equipment and, as a result, 

repair work is initiated.   The gas press- 
ure distribution along the cable route is 
also printed out. 

Principal Specifications 

Principal specifications of ihe equip- 
ments are shown in Table 1. 

Result of Accelerated Degradation Test 

Accelerated degradation tests, as shown 
in Table 2, are carried out on the gas 
pressure sensor.  The results showed that 
variations l;i the response were within 
± 2.5 g/cm2. 
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Table 2 Accelerated Gas Pressure Sensor 
Degradation Tests 

Items Test Method 
Number of  j 
Repetitions | 

Vibration 
| test 

Frequency 600 cycle/min. 
Amplitude 1.0 mm 

106 

Heat cycle 
test 

Temperature range - 5°C~35'c 
Frequency 4 cycle/day 

100      | 

High 
temperature 
test 

Temperature - S'c, 80'C 
Period of one stage 2 hours 

10      | 

Repeated 
pressure 
test 

Pressure range 0~800 g/cm^ 
Period of repetition 20 seconds 

103     j 

High 
pressure 
imposition 
test 

Pressure 1,500 g/cm2 

Imposition time 30 minutes 
10     1 

Gas Leakage Point Estimation 

Accuracy 

In order to determine variations in 
cable pressure distribution when gas leakage 
trouble occurs on a pressurized cable, 
measurements are carried out by attaching a 
0.2 mm  gas leak valve to the cable. 
Results showed that, in eight cases out of 
thirteen, the leakage point estimated by 
this system almost coincided with the actual 
point of leakage.   In the other five cases, 
the error in the estimates was within one 
manhole spacing (about 100 - 150 meters). 

Hence, in view of the fact that most 
gas leakages occur at a cable-splice point, 
it is satisfactory that errors in pinpoint- 
ing should be within a manhole spacing. 

An example of the measured pressure 
distribution along a cable route is shown 
in Fig.9. 

Gas Pressure Sensor 

Reliability Estimation 

The reliability of one pressure sensor 
can be estimated at less than 1,900 FIT. 

In most underground subscriber's cable, 
three gas pressure sensors are required. 
Therefore, using the above reliability 

value, the failure for each cable route can 
be estimated at O.OS/route-year.   This 
value is less than one twentieth of cable 
faults. 

Conclusion and Future 

Prospect 

A cable gas pressure telemetry system, 
which enables gas pressure distribution in 
each cable to be constantly monitored from 
the telephone office by setting gas pressure 
sensors at intervals of about 1.5 km in each 
cable, has been developed. 

Commercial tests of this system have 
been going on since February, 1975 in four 
telephone offices in Tokyo and in Tokai, 
Kyushu and Hokkaido areas.  About 20 cables 
are connected for each system in the commer- 
cial test. 

By using this system, pressure distri- 
bution of up to 30 cable routes can be 
constantly mcnitored from the telephone 
office, and, if a route of the center 
equipment is assumed to be divided into four 
sub-routes, as shown in Fig. 10, 120 cable 
routes can be monitored. 

When gas leakage occurs in any cable 
route, approximate pinhole size and leakage 
location can be estimated and repair urgency 
can be determined from the pressure distrl- 
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Fig.9  Cable pressure distribution variation 
as related to elapsed time 
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Fig. 10  Sub-route composition 

bution data obtained while the gas pressure 
is continuing to drop, thus enabling the 
maintenance work to be carried out according 
to trouble priority. 

In order to improve the efficiency of 
pressurized cable maintenance,in big cities, 
studies are now being made on a method of 
centralizing maintenance. 

An outline of the proposed system is 
shown in Fig.11. 

A remote terminal is installed in every 
telephone office.   It has almost the same 
functions as the center equipment described 
in this paper, except that a coder is 
attached in place of the display unit. 

The remote terminal is scanned ly the 
center equipment every 20 or 30 minutes 

through e  50 ~ 200 bit/s digital circuit. 
If gas leakage is detected by one of the 
remote terminals, cable pressure distri- 
bution along the leaky cable route is printed 
out in the center equipment. 

The center equipment is installed in a 
Pressure Cable Supervisory Center, which is 
allocated to every Urban Telecommunication 
Division.  When the cable pressure falls 
below the alarm level, the gas leakage point 
location is indicated in Pressurized Cable 
Supervisory Center by plotting the measured 
gas pressure along the cable route.  Then, 
the order for repair work is dispatched to 
the Cable Maintenance Center. 

Since the gas leakage point location 
can be determined with good accuracy, when 
the gas pressure approaches the final gas 
pressure level value indicated in Fig,9, 
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100,000 man'days, vhich is required every        This system will be very useful for 
year for locating the pas leakage point, is   labor saving and rationalization of press- 
expected to be saved. urized cable maintenance work. 

Pressurized Cable 
Supervisory Center 
in Urban Telecomm- |» 
unication Division 

(Center Equipment) 

50 200 hit/s  digital circuit 

Cable pressure distribution 
along the leaky cable route 
is printed out. 

Cable 
Maintenance 
Center 

Repair work "l 
is initiated.] 

Where cable maintenance' 
crew is dispatched. 

Remote 
Telephone Office 

(Remote Terminal) 

Remote 
Telephone Office 

(Remote Terminal) 

Remote 
Telephone Office 

(Remote Terminal) 

Remote Terminal with a Coder 
is installed for measuring 
cable pressure and transmitt- 
ing the measured value. 

Fig. 11  Centralized table pressure telemetry system 
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CORROSION  STUDIES  ON   SHIELDING MATERIALS   FOR  UNDERGROUND  TELEPHONE  CABLES 

PART   I:      DEVELOPMENT  OF  TEST METHODOLOGY 

T.   S.   Choo 
Dow Chemical  U.S.A. 

Freeport,  Texas 

Abstract 

Efforts to define a sensitive and realistic 
laboratory test methodology to study corro- 
sion of telephone cable shielding materials 
are described. The instrumentation chosen 
for corrosion rate measurement is similar to 
modern electrochemical methods successfully 
being used on a real-time basis by the chem- 
ical process and pipeline industries.  Syn- 
thetic soil solutions based on analyses of 
the National Bureau of Standards/Rural Elec- 
trification Administration field test sites 
are used as the test media. 

Initial data on electrochemical corrosion and 
galvanic corrosion due to dissimilar metals, 
differential aeration, and stress are pre- 
sented for several shielding materials. The 
results are in reasonably good agreement with 
selected data from the NBS/REA field trials. 
Direction of further test development is dis- 
cussed. 

Introduction 

Telephone cables represent about one-third of 
plant investment and are expected to have a 
40-year service life.  Electrically continu- 
ous and properly grounded metallic shields 
are essential for safe and noise-free cable 
operation. Most cables being installed today 
are buried directly in soil - a complex bio- 
logical, chemical and physical environment. 
The outer polyethylene jacket of such cables 
may be subject to damage from the rigors of 
installation, rocks, rodents, lightning, 
frost and dig-ins. The underlying metallic 
shields can thereby be exposed to soil water 
and the attendant potential for corrosion. 
Therefore, the ability of a shielding materi- 
al to resist corrosion can determine, to a 
significant extent, technical functionality 
of a cable throughout the service life re- 
quired for adequate return on investment. 

From the standpoint of corrosion resistance, 
the most helpful guide for selection of 
shielding materials would be well documented 
data on service experience of the operating 
companies. Unfortunately, such data are al- 
most non-existent. Present-day economics 
often dictate that an inoperative cable sim- 
ply be abandoned rather than recovered for 
examination. Therefore, many corrosion 
problems remain buried.  In these circum- 
stances, it is difficult to justify develop- 
ment of the qualified staff and sophisticated 
equipment necessary to isolate and identify 
shield corrosion failures. Consequently, 
most operating companies have had to rely on 
other sources and tests for corrosion evalua- 
tion of shielding materials. 

A number of field tests have been conducted 
by various agencies in representative soils 
of the U.S.  The most comprehensive of these 
tests to date are the efforts sponsored 
jointly by the National Bureau of Standards 
(NBS) and the Rural Electrification Adminis- 
tration (REA).1'2'3 Data from this program 
have been valuable and helpful.  However, all 
field tests have an inherent disadvantage in 
that several years are required to reach 
significant conclusions. Also, the expense 
of including enough samples to attach a rea- 
sonable level of statistical significance to 
the results is usually prohibitive.  This 
leaves the reproducibility of results open to 
question.  These factors underscore the need 
for a short-term laboratory test procedure 
which could not only screen materials but 
predict shield corrosion resistance in vari- 
ous soil environments. 

At the outset of the present study, three key 
areas of test methodology were identified: 
(1) method of corrosion rate measurement, (2) 
test environments or media, and (3) sample 
preparation techniques.  It was decided to 
explore potentiostatic linear polarization as 
a corrosion rate measurement tool1* since the 
chemical process and pipeline industries have 
developed sufficient confidence in this meth- 
od to use it on an in-line, real-time basis. 
These industries have realized cost savings 
and safer working conditions as a result. 
Efforts to define the test media resulted in 
generation of synthetic soil solutions based 
on thii  chemistry of the NBS/REA test sites. 
The environments were later extended to in- 
clude differential aeration. Variation in 
sample preparation was kept to a minimum so 
that reproducibility of the test methodology 
could be investigated. 

Electrochemical Corrosion Rates 
From 

Polarization Data 

Theory and Principles 

When metal corrodes in a solution, current is 
produced in much the same manner as a dry cell 
battery. Metal goes into solution freeing 
electrons at anodic areas; the electrons flow 
through the metal to cathodic areas. At the 
cathode surfaces the electrons are taken up 
by acceptors such as hydrogen ion (H+) to 
form hydrogen gas.  These microscopic batter- 
ies on the surface of a corroding metal are 
called local-action cells. By this process, 
current can continue to flow as long as there 
are a corroding metal, a conductive solution 
(electrolyte), and continuous electrical and 
ionic paths. 

1 
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The electrons which flow through the bulk 
metal between the local anodes and cathodes 
make up what is known as the corrosion or 
local-action current. While it is impossible 
to insert a meter into this circuit and 
measure the corrosion current directly, it is 
possible to do so indirectly. This is based 
on the fact that there is a measureable rela- 
tionship between the corrosion current and 
the effect of an externally applied current 
on the condition of the metal surface, i.e. 
its potential. This indirect measurement of 
corrosion current is the basis of polariza- 
tion techniques. 

In making a polarization measurement, a 
source of external current is connected be- 
tween an auxiliary electrode and a corroding 
metal of known surface area, called the test 
electrode. This applied current is added to 
the corrosion current and slightly alters the 
corrosion conditions (the corrosion poten- 
tial) at the metal surface. This process of 
altering the surface condition is called 
polarization, and the test electrode is said 
to be slightly polarized. 

In order to determine how much polarization 
of the metal surface has occurred due to the 
applied current, the test electrode is com- 
pared to a reference alectrode which is 
unpolarized.  This conparison is made by 
measuring the potential difference between 
the test and reference electrodes before and 
during the time the applied current is flow- 
ing between the test and auxiliary elec- 
trodes. A schematic drawing illustrating 
this is shown in Figure I.5 

(1) 

/tur/vfr&r* 

SOt/*C£. 

FIGURE 1. SCHEMATIC LAYOUT OF CORROSION 
RATE METER 

The linear polarization technique which has 
been selected for this study is based on the 
fact that the change in potential varies lin- 
early with applied current in the region very 
near the corrosion potential. For a test 
electrode of known area this relationship can 
be expressed by the following equation: 

Icor = AI Ki- 

Where:  Icor = corrosion current density 
(microamps/cm2) 

al = applied current density 
(microamps/cm-) 

AE = shift in potential from some 
reference (mV) 

K^ = A proportionality constant 
(mV) 

If the potential difference   (AE)   is kept con- 
stant at a given value,  e.g.   10 mV,  equation 
(1)   can be  reduced  to: 

Icor AI-K- (2) 

Corrosion rate can be calculated from weight 
loss per unit time.  Substituting the weight 
loss from Faraday's Law, corrosion rate in 
mils per year (mpy) of penetration can be 
obtained by the following equation: 

CR(mpy) = 0.129 Icor e/D (3) 

Where:  CR/m    >   = corrosion rate   (mils per 
year) 

Icor = corrosion current density 
(microamps/cm2) 

e = equivalent weight of 
metal   (grams) 

D = density of metal 
(grams/cm3) 

Equations   (2)   and   (3)   can be combined to: 

CR(mpy)   = 0.129-ai.K2-e/D = ALI^ (4) 

It can be seen that a current meter reading 
on the test electrode of known surface area 
can now be calibrated to directly indicate 
corrosion rate in mils per year. 

Corrosion Rate Meter 

Electrochemical corrosion rates were measured 
with a Petrolite® Corrosion Rate Meter M-1010 
CIY having a saturated calomel reference 
electrode and a platinum auxiliary electrode. 
The,microammeter was calibrated so that the 
current required to produce 10 mV polariza- 
tion on a mild steel test sample having a 9 
cm2 surface area could be read directly as 
mils per year (mpy) . When metals other than 
mild steel were used, the microammeter read- 
ings were adjusted for changes in exposed 
surface area of the test electrode and equi- 
valent weight and density of the metal as 
indicated in equation (4). 

Synthetic Soil Solutions 

Solutions having substantially the same chem- 
ical compositions and pH's as the water ex- 
tracts of soils from the NBS/REA test sites 
were used as the test media. Table I summar- 
izes the properties of the soils as reported 
by Gerhold et al.6 Three solutions repre- 
senting sanely loam (site A, pH 8.8), clay 
(site C, pH 4.0), and tidal marsh (site G, pH 
7.1) were selected.  Properties of these syn- 
thetic solutions are recorded in Table II. 
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TABLE  I.      PROPERTIES OF  SOILS  AT NBS/REA TEST  SITES 

Site 
Ident. Soil                          Location 

Sagemoor sandy loam Toppenish, Wash. 

Internal 
drainage 
of test 
site 

Resistivity 
(ohm - cm) 

(•) 
TDS<b' Cl 

Composition of water extract 
(parts per million) 

Mo     «Na'     C03     ^3     5°4     C1     «3 

Good 400 B.S 7.080 108 23      1.960       0,0 5,002 216     330       6 

Hagerstown loan Loch Raven, Md. Good 5.200 5.8 (c) ...   ...   

Clay Cape May. N.J. Poor 300 4.0 14,640 640 754    2,242       0.0 0.0 6,768 3,529 118 

Lakewood sand UildMood, N.J. Good 30.000 7.3 (0 ...   ...   

Coastal sand Wildwood. N.J. Poor 55 7.1 11.020 302 329    3,230       0.0 55 1,133 5,765    31 

6 Tidal marsh Patuxent, Hd. Poor 300 7.1 11.580 140 ',65    2,392       0.0 0.0 1.709 3.259    37 

(a) Resistivity determinations made at the test site with Shepard Canes. 

(b) TDS, total dissolved solids-residue dried at lOS'C. 

(c) Analyses not made for soils at sites B and 0 because of the very low concentrations 
of soluble salts in these soils. 

TABLE   II,      PROPERTIES  OF  SYNTHETIC  SOIL  SOLUTIONS 

Solution 
Identification Soil ^H_ Ca 

Chemical composition 
(parts per million) 

Mg    Na    HCOn SO4 Cl NO, 

Sandy Loam  8.8 20 2420   4207 215 314 

Clay 4.1   598  716    2200   0 6480 3413   116 

Tidal Marsh  7.1   166  152   2350   0 1776 3212       35 

Experimental Procedure 

The  shielding materials  selected  for test de- 
velopment purposes were bare and plastic clad 
aluminum,  copper,  black and tin plate steel, 
and plastic clad tin plate steel.     The test 
electrodes were one inch   (2.54 cm)   wide and 
two  inchet,   (5.08 cm)   long with a 1/4  inch x 6 
inch   (0.635 cm x  15.24 cm)   neck.     Specimens 
were washed with acetone to clean and de- 
grease.    Beeswax was used to mask  the neck 
area  so that only about  0.0625  in2   (0.403 cm2) 
of unmasked neck was exposed to the  test 
media.    The corrosion cells contained  900 cc 
of  solution and were kept at room temperature 
without agitation.    The nominal  thickness and 
exposed area of metal  for each material are 
listed below: 

TABI£ III.    DESCRIPTION OF TEST EUSCTRDDES 

Shielding 
Material 

Aluminum 
Copper 
Tin Plate Steel 
Black Plate Steel 
Plastic Clad Aluminum 
Plastic Clad TPS 

Metal Thickness       Exposed 
(nro) (mils)      Area (cm2) 

0.203 
0.127 
0.152 
0.152 
0.203 
0.152 

8 26.5 
5 26.4 
6 26.4 
6 26.4 
8 0.310 
6 0.232 

Corrosion rates of the shielding materials in 
the three synthetic soil solutions were 
measured at the outset and then weekly for 
one month. Potentiodynamic polarization 
curves were run during the fifth week.  Then 
the specimens were removed for examination. 

Results and Discussions 

In order to facilitate understanding of the 
quantitative data generated by the corrosion 
rate meter, qualitative descriptions and dis- 
cussion:! on test samples are presented first. 

Qualitative Results. Figures 2, 3 and 4 
show condition of the samples after five 
weeks in synthetic soil solutions A, C and G. 
For the metals commonly used as electrostatic 
shielding - namely aluminum, copper, and 
plastic clad aluminum - the plastic clad alu- 
minum was affected least by corrosion in 
all three solutions. Plastic clad aluminum 
did not show any signs of corrosion in solu- 
tion A on visual inspection. In solutions C 
and G, there were small areas of edge corro- 
sion, but the flat surfaces were not affect- 
ed. 
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PUSHC ClAO A1UM/NUM AlUMINUiM 

TIN FUU srm (TPS)      pusnc CUD T.P. sr;! 

BUCK pure smi SPS COPPfR 

FIGURE 2. TEST SAMPLES AFTKR 'j  1.' 
i:; SOLUTION A 

AlUMfNUM 

M0^ ^^ 

PUSHC CUD Alü/H/NtiM 

ir?: 

TIN PIA» smi (TPS)      PUSTIC CUD r.p. srffi 

BIACK purr smiiBK)      comu 

FIGURE 3. EST SAMPLES AFTLR 5 KLLKi 
If! SOLUTION C 

AlUMfNUM PUSHC CUD AlUMINii I 

TIN pun srm (IPS)       pusnc cuo r.p. srm 

BIACK PlArf SrtflfBPS) COPP« 

FIGURE 4.  TEST SAMPLES AFTER 5 WEEKS 
IN SOLUTION G 

Bare aluminum changed color to grayish-black 
in solution A. There was no indication of 
pitting on the f. =it surfaces.  However, the 
metal was severely corroded in solution C 
with numerous pits and some perforations. The 
flat surfaces were covered with chalky corro- 
sion products.  Pitting was also present in 
solution G, but the severity was less than 
found in solution C.  At the neck area in 
solution G, crevice corrosion was evident 
under the beeswax. 

The copper sample in solution A was dark 
brown.  There were many dark orange spots on 
the flat surfaces, indicating localized cor- 
rosion. The metal surface in solution C was 
dull and rough.  Significant thinning of the 
sample was observed near the neck area; the 
sample could not be held horizontally without 
bending. However, there was no sign of pit- 
ting.  In solution G, green patina was found 
on the copper but corrosion appeared to be 
uniform. 

Among the three steel products commonly used 
for armoring, black plate steel was the most 
susceptible to corrosion in all three solu- 
tions followed by tin plate and plastic clad 
tin plate respectively.  Black plate steel 
was relatively unaffected in solution A ex- 
cept for a few large areas of localized cor- 
rosion.  Dark brown corrosion products were 
present on these areas.  In solutions C and 
G, black plate had suffered severe uniform 
corrosion attack.  Loosely adhering dark 
brown corrosion products were found, but 
there was no indication of deep pitting or 
other localized corrosion. 

Tin plate steel was virtually unchanged in 
solution A except in some areas where the tin 
had lost its luster.  In solution C, edges of 
the tin plate were severely corroded.  The 
tin coating was totally consumed on scattered 
areas with a buildup of reddish-brown corro- 
sion products.  In solution G, the most no- 
ticeable corrosion was observed on the edges 
of the sample. The tin was discolored and 
had many pits. 

Except for some localized corrosion on the 
edges, plastic clad tin plate steel was 
unaffected in solution A.  In solutions C and 
G, corrosion was confined to the edges; red- 
dish-brown corrosion products were present at 
these locations. Some of the corrosion prod- 
ucts were deposited on the outside of the 
plastic coating.  It appeared that solution G 
was the most corrosive environment for plas- 
tic clad tin plate steel. 

Quantitative Results.  The currents 
applied between the test and auxiliary elec- 
trodes to produce 10 mV polarization of the 
test samples are reported in Table IV. 
Corrosion rates in mils per year were calcu- 
lated using equation (4) and are shown in 
Table V. 

Although measured currents for bare aluminum 
in all solutions were significantly greater 
than that for plastic clad aluminum, the 
order reverses when current densities are 
calculated - due to the ratio of exposed sur- 
face areas.  That such differences exist at 
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TABLE  IV.     CURRENT  REQUIRED TO PRODUCE  IQmV POLARIZATION   (Mlcroampa) 

1 Prfy 4.4 
1 Week 2.0 
2 Weeks 0.61 
3 Weeks 0.39 
4 Weeks 0.44 

1 Day 33 
1 Week 12 
2 Weeks 8.3 
3 Weeks 5.0 
4 Weeks 4.4 

1 Day 
1 Week 
2 Weeks 
3 Weeks 
4 Weeks 

Aluminum   Copper 

7.2 
6.6 

12 
21 
22 

78 
42 
29 
46 
43 

6.1 
4.4 
2.8 
6.7 

23 

5.0 
3.5 
1.2 
0.55 
0.33 

Plastic Clad Black : Plate Tin Plate Plastic Clad 
Aluminum Steel Steel T. P. Steel 

SANDY LOAM (A) 

0.55 1. 3 0. ,39 2.0 
0.22 0. 39 0, .11 0.11 
0.17 3. 7 0, .06 0.06 
0.11 7. 0 0. .06 0.02 
0.11 22 0. .06 0.06 

CLAY (C) 

2.8 510 50 11 
0.77 340 53 10 
0.44 300 62 6.8 
0.50 250 44 6.8 
0.33 230 40 5.0 

TIDAL MARSH (G) 

0.33 110 31 11 
0.11 94 22 11 
0.03 88 23 12 
0.11 94 24 13 
0.06 77 24 15 

TABLE V.  CORROSION RATE ADJUSTED FOR EXPOSED AREA (MPY) 

Aluminum   Copper 
Plastic Clad 
Aluminum 

Black Plate 
Steel 

SANPJ_L-PMJA)_ 

Tin Plate 
Steel 

Plastic Clad 
T. P. Steel 

1 Day 0.25 
1 Week 0.11 
2 Weeks 0.03 
3 Weeks 0.02 
4 Weeks 0.02 

1 Day 1.9 
1 Week 0.69 
2 Weeks 0.48 
3 Weeks 0.28 
4 Weeks 0.25 

1 Day 0.28 
1 Week 0.20 
2 Weeks 0.06 
3 Weeks 0.03 
4 Weeks 0.02 

0.44 
0.41 
0.75 
1.3 
1.4 

4.8 
2.6 
1.8 
2.9 
2.7 

0.37 
0.27 
0.17 
0.41 
1.4 

2.7 0.07 
1.1 0.02 
0.81 0.23 
0.54 0.43 
0.54 1.5 

CLAY (C) 

14 31 
3.8 21 
2.2 18 
2.4 17 
1.6 15 

TIDAL MARSH (G) 

1.6 6.8 
0.54 4.8 
0.14 5.4 
0.54 4.8 
0.27 4.8 

0.020 
0.007 
0.003 
0.003 
0.003 

14 
0.77 
0.38 
0.15 
0.38 

3.1 78 
3.3 74 
3.8 45 
2.7 48 
2.5 35 

78 
78 
85 
93 

100 
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7AqLE VI.  AVEPAGE CORROSION RATE AND PROJECTSD SERVICE LIFE 
(one-inch wide samples) 

Plastic Clad  Black Plate  Tin Plate  Plastic Clad 
Aluminum   Copper    Aluminum      Steel       Steel     T. P. Steel 

SANDY LOAM (A) 

Average 
Corrosion 
Rate (mpy) 

Projected 
Service 
Life (yrs) 

0.086 

47 

0.85 

2.9 

1.1 

440 

0.45 

6.7 

0.007 

420 

3.1 

160 

CLAY (C) 

Average 
Corrosion 
Rate (mpy) 

Projected 
Service 
Life (yrs) 

0.72 

5.5 

2.9 4.7 

0.85     100 

20 

0.14 

3.1 

1.0 

56 

9.0 

TIDAL MARSH (G) 

Average 
Corrosion 
Rate (mpy) 

Projected 
Service 
Life (yrs) 

0.12 

34 

0.53 

4.7 

0.62 

800 

5.7 

0.5 

1.5 

2.0 

88 

5.7 

all for the same metal may be explained in 
terms of the energy states of the exposed 
areas.  For example, slit edges, having been 
stressed, are at a higher energy level as 
compared to flat surfaces and are therefore 
less resistant to corrosion. 

As can be seen in Table V, most samples had 
high initial corrosion rates which tended to 
decrease with time.  In general, initial 
corrosion rates are expected to be high and 
unstable as a passive film of corrosion prod- 
uct is being formed on the metal surface. 
This creates, for example, the situation in 
solution A where bare aluminum has lower 
corrosion rates than copper. However, these 
passive films are very thin (ca. 100Ä) and 
fragile an. ire subject to damage by abra- 
sion, dissolution, or cracking." In such 
instances, the corrosion rate will rise while 
the film is being reformed. 

Since functional longevity is an important 
factor in selection of shielding materials, 
projected service lives of one inch wide 
samples were calculated using averages of the 
corrosion rates as reported in Table V. These 
results are shown in Table VI.  The service 
lives of bare metal samples were calculated 
by dividing the half-thickness of each sample 
in mils by its average corrosion rate, since 
corrosion could occur at both surfaces of the 
sample.  For the plastic clad metals, the 

half-width of each sample in mils was divided 
by its average corrosion rate. 

Bearing in mind that the data in Table VI re- 
present only the chemical effects of the 
solutions, there is reasonable agreement be- 
tween the laboratory and NBS/REA tests. The 
projected service lives of aluminum, copper 
and tin plate steel in solution C were 5.5, 
0.85 and 1.0 years respectively. The corres- 
ponding service life (or years to electrical 
discontinuity) from the NBS/REA field tests 
were 2, 3, and 1 years respectively in site 
C.8 Some data reversals were noted, but the 
general correspondence between laboratory and 
NBS/REA studies is considered good for corro- 
sion-type testing, particularly in solutions 
C and G. The most notable reversal concerns 
performance of copper in solution A and will 
be subject to further study. 

While electrochemical corrosion studies give 
very interesting results on the behavior of 
materials in selected environments, they re- 
present an idealized situation in that the 
materials are isolated from galvanic effects 
which usually occur under service conditions. 
Therefore the test methodology has been ex- 
tended to include three common galvanic 
phenomena which are known to have significant 
impact on shield service life. 
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Galvanic Corrosion Due To Dissimilar Metals 

Theory and i.  ^iples 

Shields of telephone cables are bonded and 
grounded at intervals along their length. The 
types of metals used for bonding and ground- 
ing clamps and grounding rods are often 
different from the shielding materials. Also, 
certain designs of cable sheaths incorporate 
dissimilar metals to obtain both electrosta- 
tic shielding and mechanical armoring protec- 
tion.  In these circumstances, the potential 
for galvanic corrosion exists and must be 
considered. 

Dissimilar metals have different potentials 
when immersed in an electrolytic solution. 
If the metals are connected electrically, 
this potential difference serves as the driv- 
ing force to produce current flow and, there- 
fore, corrosion.  Since the magnitude of 
current flow in this situation can be greater 
by a decade or more than that for uncoupled 
metals, corrosion of the anodic metal can 
proceed at a much faster ratp as compared to 
electrochemical corrosion rates discussed 
earlier. Corrosion current flow between 
coupled metals can be measured directly by 
insertion of an appropriate instrument such 
as a zero resistance ammeter (ZRA) into the 
circuit. 

Experimental Procedure 

The galvanic couples selected for this test 
were aluminum/tin plate steel, plastic clad 
aluminum/tin plate steel, aluminum/copper, 
and galvanized steel/aluminum.  One inch 
(2.54 cm) by seven inches (17.78 cm) long 
strips of different test materials were 
cleaned with acetone, placed in corrosion 
cells containing about 900 c.c. of synthetic 
soil solutions, and coupled electrically. The 
solutions were kept at room temperature with- 
out agitation.  The actual area of exposure 
was about one inch (2.54 cm) by three inches 
(7.62 cm); there was no masking with beeswax. 
Galvanic corrosion current readings were made 
at different time intervals for eight weeks 
using a zero resistance ammeter. 

Results and Discussions 

Qualitative Results.  Figures 5, 6, and 
7 show conditions of the test couples after 
eight weeks in synthetic soil solutions A, C 
and G. In the aluminum/tin plate steel 
couples, both the aluminum and the tin plate 
steel were virtually unaffected in solution 
A.  The bare aluminum changed color to gray- 
ish-black, indicating the presence of a pas- 
sive film.  In addition, noticeable corrosion 
was found at the solution and air interface 
with a deposit of voluminous, chalky cono- 
sion products.  The corrosion at this inter- 
face is attributed to a differential aeration 
cell.  The tin had lost its luster.  In 
solution C, the aluminum was almost discon- 
tinuous at the solution and air interface. 
There was a number of perforations on the 
flat surfaces of the metal. Corrosion was 
confined to the edges of the tin plate steel, 
with a build-up of reddish-brown corrosion 
products.  The tin coating was practically 
unchanged except for several pits on the 

.'•■■■ ,■'•>„ 
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FIGURE   5.     TEST  SAMPLES  AFTER   8   WEEKS 
IN  SOLUTION  A 
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FIGURE   6.     TEST  SAMPLES  AFTER   8  WEEKS 
IN SOLUTION  C 
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FIGURE 7.  TEST SAMPLES AFTER 8 WEEKS 
IN SOLUTION G 
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flat surfaces.  In solution G, a number of 
holes were developed on the flat surfaces of 
the aluminum due to corrosion; other areas 
were practically unchanged. The tin plate 
steel was in good condition except for corro- 
sion at the edges. 

In the elastic clad aluminum/tin plate steel 
couples, the plastic clad aluminum was not 
affected by corrosion in solution A except 
for several areas of localized corrosion on 
one edge.  The tin plate steel had lost its 
luster throughout the exposed areas.  In sol- 
ution C, the plastic clad aluminum was un- 
changed except for corrosion at the edges 
while the edges of the tin plate steel were 
severely corroded. The tin coating was 
totally consumed on scattered areas with a 
build-up of reddish-brown corrosion products. 
In solution G, the corrosion on the plastic 
clad aluminum and the tin plate steel was 
confined to the edges. 

In the aluminum/copper couples, the copper 
was unaffected in all three solutions except 
for certain areas of discoloration. The 
aluminum became discontinuous at the solution 
and air interface in solution A. The flat 
surfaces of the metal were virtually unaf- 
fected.  In some areas, a grayish-black film 
was found.  In solution C, the corrosion of 
the aluminum was so severe that large areas 
of the metal were completely consumed.  Pits 
and perforations were found throughout the 
flat surfaces; voluminous, chalky corrosion 
products were accumulated at these areas.  In 
solution G, numerous pits and perforations 
were present on the flat surfaces.  Powdery 
corrosion products were found at these loca- 
tions. 

In the galvanized steel/aluminum couples, 
the aluminum was unaffected in all three 
solutions except for the changes in color to 
various shades of gray.  In solution A, the 
galvanized steel had lost its luster. The 
zinc coating waj totally consumed in certain 
areas.  In solution C, the entire surfaces 
of the galvanized steel were covered with 
bulky, flour-like corrosion products.  In 
solution G, chalky corrosion products were 
present on scattered areas of the flat sur- 
faces. 

Quantitative Results.  The galvanic 
current readings on the test couples are re- 
corded in Table VII.  Many couples had high 
initial current readings which tended to 
decrease with time.  In general, galvanic 
current readings on the aluminum/copper 
couples were the highest, those on the plas- 
tic clad aluminum/tin plate steel the lowest. 
Aluminum was usually anodic to other metals 
except for galvanized steel.  However, sev- 
eral of the couples had changed the anode/ 
cathode polarity, i.e. the direction of 
current flow, at least once during the test. 

Copper coupled to aluminum caused severe 
corrosion on aluminum in all three solutions. 
The severity of corrosion in this couple is 
due to the greater potential difference 
between aluminum and copper, as compared to 
other aluminum couples of Table VII, and 
the relative insensitivity of copper to pol- 
arization. Therefore, there is relatively 
little decrease in the galvanic current 
readings of the copper couples with time. 

I 

ANODE: 

CATHODE: 

1 Day 
1 Week 
3 Weeks 
4 Weeks 
8 Weeks 

Day 
Week 
Weeks 
Weeks 

8 Weeks 

1 Day 
1 Week 
3 Weeks 
4 Weeks 
3 Weeks 

TABLE VII.  GALVANIC CORROSION CURRENT (Microamps) 

ALUMINUM 

TIN PLATE 
STEEL 

110 
82 
19 
26 
48 

(72) 
(28) 
33 
35 
42 

0. 
86 
48 
40 
34 

PLASTIC CLAD ALUMIN 
ALUMINUM 

TIN PLATE COPPER 
STEEL 

SANDY LOAM (A) 

10 310 
6.8 230 
5.1 240 
7.9 130 

27 240 

CLAY (C) 

(14) 310 
13 680 
24 460 
27 510 
22 410 

TIDAL MARSH (G) 

(0.07) 610 
52 490 
28 420 
28 380 
28 240 

GALVANIZED 
STEEL 

ALUMINUM 

16 
130 
58 
26 
(1.8)* 

160 
41 
38 
36 
25 

17 
(6.5) 
26 
26 
17 

* ( )  Indicates changes in the anode/cathode polarity. 
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On the other hand, the aluminum coupled to 
galvanized steel was protected at the expense 
of the zinc coating on the galvanized steel. 
It should be noted, however, that the alumi- 
num became anodic to the galvanized steel 
after eight weeks in synthetic soil solution 
A.  It appears that as the zinc coating is 
consumed due to corrosion, the underlying 
steel is exposed.  Since steel is cathodic to 
aluminum, it is not surprising to observe a 
change in the polarity of the aluminum and 
galvanized steel couple. 

The galvanic current readings have been aver- 
aged, where appropriate, to determine the 
corrosion rates of the aluminum anodes of the 
test couples.  The projected service lives of 
the aluminum were calculated using the aver- 
age corrosion rates and are reported in Table 
VIII.  No calculations were made for the 
aluminum/galvani ed couples because aluminum 
was usually the cathode. The projected ser- 
vice life of the aluminum anode coupled to 
copper is 0.8 years in solution C. This 
prediction is in agree."»nt with the NBS/REA 
field test data.  Eight mil (0.203 mm) 
aluminum shield coupled to copper was elec- 
trically discontinuous, due to dissipation 
of the metal by corrosion, in the ring and 
window areas within a year in site C. 

Galvanic corrosion on the aluminum and tin 
plate steel couple was serious.  The NBS/REA 
field test data on an aluminum/steel shield 
design are supportive of the laboratory data. 
The outer steel and inner aluminum shields at 
the ring were electrically discontinuous on 
the cable specimen exposed for three years 
at site C. it) Laboratory data indicate a ten 
year life in this case. (Table VIII). 

Galvanic Corrosion 
Due To Differential Aeration 

Theory and Principles 

When a piece of metal is placed in an elec- 
trolyte which has a concentration gradient 
of dissolved oxygen, the portions of the 
metal exposed to higher concentrations of 
oxygen are cathodic to portions in lower 
oxygen concentrations.  This galvanic situa- 
tion is known as a differential aeration or 
oxygen concentration cell. 

Since the concentration of oxygen in the soil 
is not uniform and the outer cable jacket is 
subject to damage, the potential for corro- 
sion of the shield due to differential aera- 
tion is present and must be considered.  Soil 
water can enter the cable sheath at the jac- 
ket opening and migrate along the sheath 
between the jacket and shield. Oxygen dis- 
solved in the soil water is consumed by cor- 
rosion reactions and is replenished by diffu- 
sion from the surrounding soil.  Since the 
polyethylene jacket is a substantial barrier 
to diffusion, an oxygen concentration grad- 
ient is established in the soil water; water 
near the jacket opening is oxygen-rich rela- 
tive to water between the jacket and shield. 
Thus the shield near the jacket opening is 
cathodic to surrounding areas and a differen- 
tial aeration cell is established. 

TABLE VIII.  AVERAGE CORROSION RATE AND 
PROJECTED SERVICE LIFE OF 

 ONE-INCH WIDE ALUMINUM ANODE 

ANODE:    ALUMINUM  PLASTIC CLAD    ALUMINUM 
ALUMINUM 

CATHODE: TIN PLATE TIN PLATE COPPER 
STEEL STEEL 

EXPOSED 
AREA:(cm2 )  39.1 0.361 39.1 

SANDY LOAM (A) 

A.C.R.* 
(mpy) 0.63 14 2.5 

P.S.L.** 
(yrs) 6.4 37 

CLAY (C) 

1.6 

A.C.R. 
(mpy) 0.40 20 5.2 

P.S.L. 
(yrs) 10 24 0.8 

TIDAL MARSH (G) 

A.C.R. 
(mpy) 0.46 32 4.7 

P.S.L. 
(yrs) 8.6 16 0.9 

*        A.C.R.   -  AVERAGE CORROSION  RATE 

**     P.S.L.   -  PROJECTED  SERVICE  LIFE 

2£m JtesmmMC£ 

FIGURE   8.     DIFFERENTIAL AERATION  CELL 
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Some investigators11 consider differential 
aeration as one of the most important and 
prevalent reasons for corrosion damage of 
metals in soil. 

Experimental Procedure 

One inch (2.54 cm) by nine inch (22.86 cm) 
strips of a metal were cleaned with acetone 
and placed in separate compartments of a 
differential aeration cell as shown in Fig- 
ure 8. Two strips were then connected 
through a zero resistance ammeter (ZRA) to 
monitor current flow.  Both compartments of 
the cell contained the same synthetic soil 
solution, but were separated by a porous 
partition of frit. The types of metal and 
exposed anodic areas in contact with elec- 
trolyte are listed in Table IX. The cell was 
activated by bubbling air and nitrogen into 
the separate compartments at a rate of about 
one cubic foot per hour (271 c.c. per min- 
ute) . The current flow between the elec- 
trodes was recorded as a function of time for 
one hour. 

Results and Discussions 

Current readings, corrosion rates (from equa- 
tion (3)), and projected service lives are 
reported in Table IX.  The current readings 
were recorded after one hour of cell activi- 
ty, by which time the cells appeared to have 
stabilized. 

All shielding materials tested were suscept- 
ible to varying degrees bf corrosion due to 
differential aeration. In general, aluminum 
was tlie most affected followed by black plate 
steel anJ copper. However, aluminum was most 
susceptible in solution A while solution G 
had the greatest impact on black plate steel. 

The WBS/REA data indicate that almost all 
cable samples experienced some degree of cor- 
rosion of shields under the polyethylene jac- 
ket one-half inch from the ring or window 
areas of jacket opening. The corrosion of the 
shields in these areas can be attributed to 
differential aeration. 

Comparison of the corrosion rates measured 
under differential aeration versus electro- 
chemical corrosion illustrates the importance 
of the oxygen gradient on shield corrosion. 
For example, the corrosion rate for bare 
aluminum in solution A under differential 
aeration is 10 mpy. The corresponding (1 
day) rate for aluminum under only electro- 
chemical corrosion is 0.25 mpy.  The oxygen 
gradient caused a 40 fold increase. 

An appart-nt anomaly occurred again in the 
case of copper. Corrosion rates actually de- 
creased in solutions A and C under differen- 
tial aeration as compared to electrochemical 
corrosion. This is an interesting and pos- 
sibly important effect which warrants further 
investigation, especially in light of the 
current concern with the corrosion of copper 
concentric neutrals in power cable. 

Exposed Area (cm2) 

Corrosion Current 
(Microamps) 
Corrosion Rate 
(mpy) 
Projected Service 
Life (yr) 

Corrosion Current 
(Microamps) 
Corrosion Rate 
'mpy) 
Projected Service 
Life (yr) 

Corrosion Current 
(Microamps) 
Corrosion Rate 
(mpy) 
Projected Service 
Life (yr) 

TABLE IX. DIFFERENTIAL AERATION COR! ROSION 
(one-inch wide sampl as) 

Plastic Clad Black Plate Plastic Cldd 
Aluminum Copper 

38.9 

Aluminum Steel T. P. Steel 

39.1 0.361 39.0 0.271 

SANDY LOAM (A) 

910 16 24 23 2.9 

10 0.18 29 0.27 4.9 

0.4 14 17 

CLAY (C) 

11 100 

81 51 8.6 55 24 

0.88 0.60 10 0.65 41 

4.5 4.2 49 4.6 12 

TIDAL MARSH (G) 

88 56 1.3 820 110 

0.96 0.66 1.6 9.6 190 

4.2 3.8 320 0.31 2.6 
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Other Galvanic Cells 

Galvanic cells can 
ferences in the me 
surface condition 
in environmental f 
or ion concentrati 
that portion of a 
impurity level, st 
be anodic to the r 
shielding material 
cant mechanical st 
tore, installation 
v?as conducted to d 
nitude of the galv 
stress. 

be created simply by dif- 
tallurgical composition and 
of a metal and by gradients 
actors such as temperature 
on.  In almost all cases, 
single metal at a higher 
ress, or temperature would 
est of the metal.  Since 
s are subjected to signifi- 
ress during cable manufac- 
and service, a simple test 

etermine the order of mag- 
anic cell created by the 

4. Aluminum suffered severe corrosion when 
coupled to copper in all three solutions. 
Galvanized steel protected the aluminum 
until the zinc coating was consumed. Con- 
sideration should be given to such gal- 
vanic effects during the selection of 
materials for grounding rods and bonding 
clamps . 

5. Data reversals were encountered during 
testing, especially with copper.  The 
test methodology appears to have poten- 
tial as a tool for further investigation 
of these anomalies. 

A strip of bare aluminum one inch (2.54 cm) 
wide by seven inches (17.7 6 cm) long was 
stretched 10% using an Instron® Tensile Test- 
er.  This sample was connected electrically 
to an unstretched aluminum strip of the same 
dimensions and the couple was immersed in 
solution A for eight weeks.  A control couple 
having two unstretched aluminum samples was 
maintained in solution A for the same period 
of time as a reference.  The surface area of 
each strip exposed to electrolyte was 39.1 
cm2 . 

Future Activities 

In addition to studies on the data anomalies 
involving copper, farther test refinements 
are planned.  Long term effects of differen- 
tial aeration at varied gas feed rates will 
be studied.  Attemns will be made to measure 
corrosion rates of .amples coated with fil- 
ling and flooding compounds.  The data base 
in galvanic corrosion due to mechanical 
stress will be expanded. 

At the end of the test period, a zero resis- 
tance ammeter was used to measure galvanic 
current.  Current flowing in the couple 
having the stretched strip was 18.6 microamps 
as compared to 0 22 microamps measured in the 
control couple.  This 85 fold difference 
indicates that stress can have a major effect 
on shield corrosion resistance.  It also sug- 
gests that further testing on dissimilar 
metal couples should be conducted on corru- 
gated samples to more accurately analyze 
potential for corrosion. 
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Conclusions 

A sensitive and realistic corrosion test 
methodology is being defined.  The meth- 
odology can be used to screen and predict 
relative corrosion resistance of tele- 
phone cable shielding materials in a 
range of soil environments.  Laboratory 
corrosion test data are in reasonably 
good agreement with trends observed in 
the NBS/REA field tests. 

A comprehensive evaluation of shielding 
materials for corrosion resistance re- 
quires that galvanic actions due to dis- 
similar metals, differential aeration, 
and mechanical stress be considered.  The 
data indicate that these factors may 
override effects of electrochemical cor- 
rosion and constitute the major determi- 
nants of service life. 

All of the common shielding materials 
experienced varying degrees of corrosion 
in the stveral different soil solutions. 
In general, plastic clad metals had a 
better resistance to the types of corro- 
sion investigated than the corresponding 
bare metals. 
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POLYETHYLENE CABLES 
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Summary 

Several high density polyethylene-insulated 
wires for air core telephone cable were ex- 
amined after various oven-aging times at 
1250C; DSC oxidation induction (OIT) times 
(at 200oC) and weight changes were monitored. 
A correlation was observed between the onset 
of significant weight change and zero OIT; 
the correlation "as confirmed over the 105°- 
190oC oven-aging temperature range with in- 
sulated wires for one HDPE.  An Arrhenius 
plot of the air oven-aging thermal life is 
linear between 105-150oC, v/ith deviation 
starting at about 150oC up to 190oC.  (the 
highest temperature tested).  Activation 
energies and projected cable lives for (a) 
oven-aging induced weight changes, (b) DSC 
monitoring of oven-aged samples, and (c) DSC 
testing of un-aged samples, are compared.. 
DSC testing of un-aged cables project to 
longer cable life than does non-blooming 
oven-aging conditions (a and b); the latter 
two techniques yield identical results, 
within experimental e^-ror. 

Introduction 

Projection of cable life can be made by sev- 
eral test procedures including one of the 
following methods:  (a) measuring the oxid?- 
tive induction time (OIT) of the insulation 
by differential scanning calorimetry (DSC) 
or differential thermal analysis (DTA) at 
temperatures above the insulation melting 
range (Tm)-'- and then projecting cable life 
to lower temperatures; (b) measuring insu- 
lation weight (or other physical property 
changes) upon circulating air oven-aging be- 
low the insulation melting temperature range, 
and projecting cable life to lower tempera- 
tures .  In some cases, pre-conditjoning of 
samples by forced blooming (to induce anti- 
oxidant exudation) prior to air oven-aging 
has been performed^. 

The DSC or DTA test is employed for its re- 
lative ease and rapidity; OIT measurements 
usually require less than one hour at appro- 
priately chosen test temperatures. The OIT 
values so obtained reflect the effectiveness 
of the antioxidant employed and the concen- 
tration in the insulation.  Therefore, DSC 
or DTA testing provides a convenient means 
for routine quality control testing of the 
antioxidant concentration in cable insula- 
tions.  The oven-aging test is mure time 

consuming, but appears to possess certain 

advantages; sample geometry, the test tem- 
perature range, and the gas environm.nt 
during oven-aging are closer to some of the 
more severe cable service conditions.  High 
density polyethylene-insulated cables re- 
quire oven-aging periods ranging from sever- 
al months to a year or more (depending on 
the apparent antioxidant effectiveness and 
concentration) to reach the oxidative-degra- 
tion inception time at about 20oC below its 
melting point.  Therefore, the oven-aging 
test is not suitable as a rapid quality as- 
surance method. 

Since the I>TA or DSC-OIT procedure provides 
a suitable means of measuring residual an- 
tioxidant activity, we have employed this 
method to evaluate sample previously sub- 
jected to air oven-aging at various temper- 
atures.  In addition, comparison of cable 
life projections by the conventional DTA or 
DSC-OIT, and air oven-aging methods have 
been made.  In this paper, we report our re- 
sults of work performed in these areas with 
air core HDPE-insulated cables. 

Experimental 

Materials 

Air-core  telephone wires   (No.   19 and 22 AWG) 
insulated with  three different commercial 
high density polyethylene  resins were em- 
ployed  for  testing.     These  are designated  as 
k,  B and C  respectively;  antioxidant and cop- 
per deactivator were tetrakis   (methylene-3 
(3',   5' -di-t-butyl-4'-hydroxphenyl)  pro- 
pionate)   methane   (Irganox 1010)   and OABH 
respectively.    Antioxidant and metal deacti- 
vator were present in the materials as re- 
ceived   (approximately 0.1% level).    Colors 
employed and DSC melting peak temperatures 
(referred  to herein as melting point)   for 
each resin grade are  listed in Table I. 

Table I 

Colors and DSC Melting Point for 
HDPE Insulated Air-Core Cables 

Employed in this Study 
HDPE Compound 
Colors Tested 

A 
Blue, 

B 
Green, 

C 
Violet,Grey 

Violet White Yellow, 
Urown 

Melting Points 
(0C) 

129 129 129 
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Procedures sulation C. 

(a) Equipment! A Perkin Elmer Model 
IB Differential Scanning Calorimeter was 
employed for OIT determinations.  Blue M air 
circulating ovens having air circulation 
rates of about 2 50 CFM, were employed for 
all aging tests. 

(b) Air Oven-Aging at 105oC and 1250C! 
For the oven-aging test procedure2, two 
coils of each color of each resin grade were 
aged; one was 18 feet in length for weight 
change measurements, and the second was 10 
feet in length for DSC-OIT tests.  The sep- 
arated coils were suspended from the top 
wall of the oven by hooks prepared from the 
same insulated wires. Weight changes, ex- 
aminations for cracking, and OIT'-J at 200oC 
were monitored once each week.  The cracking 
test was visual, and consisted of twisting 
two inches of wire (cut from Lhe coil) into 
a pigtail prior to examination. For the 
DSC test (see d, below) two mm. long samples 
from the middle portion of the pigtail were 
employed. 

(c) Air Oven-Aging at 150oC-190oC! 
Above 150oC, a modified oven-aging procedure 
was employed.  Two foot samples of each in- 
sulated wire specimen were placed in a sinu- 
soidal pattern in two-inch CD. aluminum 
pans (each sample being tested in duplicated 
For 200oC OIT monitoring, one-inch of insu- 
lated wire was removed from the end of each 
specimen; two mm. long samples were cut from 
the middle sections for testing at regular 
intervals that varied between several hours 
to one week, depending upon oven-aging tem- 
perature. 

(d) DSC-OIT Test; For oxidation induc- 
tion time measurements'* after each oven- 
aging period, the test temperature was 200oC. 
To extrapolate cable life at lower tempera- 
tures, DSC-OIT tests on un-aged specimens 
were performed over the 170oC to 205oC range. 

Results and Discussion 

I. Oven-Aging of A, B, and C HDPE Insulated 
Wires at 125 C; In Figures 1 and 2, weight 

and relative OIT changes for all colors of 
A, B, and C insulated wires aged at 125 C 
are plotted against oven-aging times. From 
the weight change vs. time curves, the fol- 
lowing consecutive pattern of changes can be 
noted: 

(a) A very slight initial weight drop 
(less than one percent) during the first 
two weeks. 

(b) A period of relatively constant 
weight which is about nine to ten weeks for 
insulations A and B and five weeks for in- 
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(c) A small weight increase for most 
ehe HDPE-pigment combinations. 

(d) Finally,   a  large weight loss,  which 
occurs  after nine to twelve weeks  for insula- 
tions A and B,  and six weeks for insulation C. 

The relative  OIT changes,   however,   follow a 
different pattern,"»  they decrease  in an essen- 
tially continuous manner with oven-aging  time 
to zero OIT value.     The time required for 
zero OIT appears  to  coincide with either   (c) 
or   (d)   above. 

In evaluating  the  combined weight and OIT 
change curves,   the   following explanation of 
events appears reasonable! 

(a) The  initial weight drop is probably 
due to the degassing  of absorbed and/or  ad- 
sorbed volatile material  .     (Antioxidant 
vaporization would not explain  the  small 
weight loss  as  its   level is too low) . 

(b) The  insulation weight remains  rela- 
tively constant during the consumption of 
antioxidant.     The  OIT curves do not indicate 
the exact antioxidant level within the insu- 
lation wall. 

(c) When the  antioxidant is completely 
consumed,   or nearly so  (as indicated by zero 
OIT value),   ti ^ auto-oxidavive chain reaction 
starts  to gain momentum by  iccumulating the 
polymeric hydroperoxide  .    This may result 
either after the complete depletion of anti- 
oxidant or  in the presence of a small amount 
of antioxidant inadequate to z ippress  the 
auto-oxidation process.    The small weight 
gain prior  to the  steep weight  loss  is pro- 
bably an  indication of peroxide accumulation. 
(The A violet and B green insulations were 
exceptions;   it  is believed that this  is due 
to experimental error).    Due to the reprodu- 
cibility  limitations of the OIT measuring 
technique,   it is  not possible at this  time 
to determine conclusively whether the zero 
OIT point coincides with the onset of weight 
gain or the onset of weight loss. 

(d) The final weight loss reflects the 
degradation process inside the insulation. 
Chain cleavage  is   likely occuring at this 
stage. 

It should also be noted that some samples  ex- 
hibited cracking   (as indicated by the zigzag 
arrow in Figures  1 and 2)  during the interval 
between  the onset of weight gain and loss; 
it is very  likely that in addition to perox- 
ide accumulation,   some chain cleavage is  si- 
multaneously occuring during this period. 

These results  indicate that a fairly good cor- 
relation between  zero-OIT and oven-aging  is 

■*,!„■ ■■Vi^A.. .-..i;''.;^ 
jKttJktt^ttdl&wbh mm^ämai^iditiää maimUliiittMSklÜi 'tut&mbnäm^ 



WWPBWPPWBÄ wm ■".w 
j.-^WCT^—nB-WiilBIH^}»'",!-™!^'!,,.!  ■    .     ,T-!»r~ ....,     .      ...    ..,.,,,^,...^,.11,    .t '„DJ,1JJ,...,,., ",),.)   ^.r 

.      ..............,.^.,r.^ 

attainable for the HOPE resin/pigment com- 
binations.  One of these resin systems was 
then studied in further detail over a broad- 
er temperature range. 

II. Oven-Aging of C HOPE Insulated Wires Be- 
tween 105oC and 190oC« In Figure 2 

through 7, the weight and relative OIT 
changes are plotted as a function of oven- 
aging time. By comparing these figures, 
the following results are observed: 

(a) The weight changes at different 
temperatures follow the same general pattern 
as at 1250C, i.e., an initial weight loss, a 
period of relatively constant weight, a 
slight weight increase and, finally, the 
sharp weight drop." However, the weight in- 
creases just prior to the sharp weight drop 
are more frequently not observed at higher 
temperatures (relative to the lower tempera- 
tures). This is likely due to more rapid 
antioxidant consumption and oxidative degra- 
dation rates at the higher temperatures. 

(b) For HOPE C at 105oC and 1250C, the 
zero OIT point corresponds reasonably well 
with the onset of the weight gain prior to 
the sharp weight drop for all four colors 
studied. At higher temperatures (150-190oC), 
the coincidence of these two points is less 
apparent. However, the qulitative correla- 
tion between the weight change and the OIT 
decay still exists.  This correlation shows 
that there is a potential adwntage in using 
a combination of OIT plus weight change 
measurements as a monitoring device for oven- 
aging tests.  Judging from the relative OIT 
value at any particular oven-aging time, the 
end point for oven-aging tests may be esti- 
mated. 

(c) OIT decay appears linear with time 
at 150oC, 170oC, 180oC, and 190oC as shown 
in Figures 4-7. However, OIT decay is nor- 
linear with time at the lower temperatures 
(105oC and 1250C, i.e., below the melting 
peak temperature of 1290C of the C insula- 
tion as shown in Figures 2 and 3) . In Fig- 
ures 8-10, the logarithm of OIT is plotted 
against oven-aging time for the C insulated 
wires at 105oC and 1250C.  (A and B HOPE in- 
sulations are shown at 1250C in Figure 11 
for comparison) . Straight lines were ob- 
served in all cases up to 10% or less of 
the initial OIT values.  The different OIT 
decay patterns observed for temperatures 
above and below the melting peak temperature 
may imply that the consumption of antioxi- 
dant follows different mechanisms in the 
solid and molten states. 

The apparent linear OIT decay rate in the 
molten state implies that antioxidant con- 
sumption during, both, oven-aging above Tm 
and OIT testing at 200oC, occurs by a simi- 

lar mechanism. This can be explained for 
zero, first and second order reactions in 
the following manner; 

Zero Order: 

coa " "koa ^a + ^'oa  — 

coit = ~koit toit + k'oit 

First Order: 

coa Exp-(koa toa + k
1^). 

coit *  Exp-(koit toit + k'oit). 

Sgcond Order: 

'oa 

-oit 

-oa 

l/(koa ^a + ^'oa' 

i/^oit ^it + k'oit 

.(1) 

.(2) 

.(3) 

.(4) 

.(5) 

.(6) 

antioxidant concentration during 
oven-aging 

Coit = antioxidant concentration during 
OIT testing 

'^oa 

"oit 

reaction rate constant of antioxi- 
dant decay during oven-aging 

reaction rate constant of antioxi- 
dant decay during OIT testing. 

toa =  oven-aging time 

toit - OIT testing time 

K,oa = integration constant for antioxi- 
dant decay during oven-aging 

Kloit >= integration constant for antioxi- 
dant decay during OIT testing 

When the initial antioxidant concentrations 
are the same, and when antioxidant decay 
via oven-aging and OIT tests £o?.low similar 
mechanisms, then for any order reaction, 
Coa must equal Coit and k"  must equal 
K,oif  Therefore, the time required for 
the HOPE insulation to reach the same final 
antioxidant concentration by both methods 
must satisfy the following equation: 

koa toa  koa toit (7) 

The actual OIT which was measured after 
each oven-aging interval can be related to 
t0^t as follows: 

OIT oit coit 
(8) 

Where t0
oit is the time required for reach- 

ing essentially negligible antioxidant 
level from the initial antioxidant level, 
via OIT testing at 200oC.    By substituting 
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(8)   into   (7)   the  following equation   is  ob- 
tained: 

tea = ^oit   (t oit - 0IT' (9) 

When OIT or   {OIT/t°   ..)   is plotted against 
t_a   (oven-aging time 

oit     — r .   ^   " 
)   a  straight  line with a 

negative slope  should be obtained,   and this 
is  experimentally  observed in  Figures  4  to 7. 

As  noted earlier,   the non-linear OIT decay in 
the  solid state during  oven-aging tests  im- 
plies  that the mechanism of antioxiebnt con- 
sumption differs  from that in  the molten 
state.     To support  this  argument,   different 
combinations of equations  1,   3,   5 and  2,  4, 
6  other than the above have been examined; 
no  further linear  relationships could be ob- 
tained between OIT's and oven-aging  times. 
Some combinations  do result in  logarithmatic 
or  near  logarithmatic functions,   however,   it 
is premature to try to  relate   the oven-aging 
and OIT tests to any specific  reaction mech- 
anism at this time. 

III.   DSC Testing  of HDPE C at Various  Temper- 
atures;   Extrapolation of  Cable  Life; 

Oxidative Induction times of HDPE C  insula- 
ted wires were obtained via  the DSC  test per- 
formed at temperatures  ranging  from  170oC to 
205oC.    The results were plotted against the 
inverse of absolute temperature and are shown 
in Figure  12.     Results  indicate  the  following; 

(a) A single  straight  line was  obtained 
for  the yellow,  brown and grey colored wires; 
the violet wires provide a parallel  straight 
line,  with a higher reaction  rate. 

(b) The activation energy obtained from 
the  slope of the  straight  lines  is   37.2 
kcals/mole;  this  is quite close to the ap- 
parent activation  energy for   Irganox  1010/ 
OABH decay in  low density polyethylene   . 

(c) The plot  starts  to show non-linear 
character  at approximately 150oC and  above. 
The slope  increases and may perhaps  ultimately 
overtake  the  slope  for  the DSC data. 

(d) Extrapolating the straight  lire be- 
tween  150oC and   105oC  to  lower temperatures 
provides  apparent cable  life-times  of  12 
years at  70 C  and  304 years at 40oC. 

V.   Comparison  of Thermal Life Estimates by 
Oven-Aging vs.  DSC-OIT Monitoring  of Oven- 
Aging . 

As  noted above,   zero OIT time requirements 
via oven-aging  correspond fairly well with 
the onset of weight gain,   and the OIT decay 
curves appear  to follow a defined function 
(linear above Tm and  logarithmatic below Tm) . 
These   OIT decay patterns suggest that short- 
term OIT decay data may be adequate  for end 
point extrapolation,   via the appropriate 
function. To test   this  possibility,   OIT decay 
data  for HDPE-C  at  150oC   (linear  function, ' 
see Fig.   4)   and  105oC  and 1250C.      (logarith- 
matic functions,   see Figs.  2 and  3)   were ex- 
trapolated to the end  points of  the  oven- 
ay ing tests.     For the  latter,  one minute OIT 
results were employed   (due to the impossibi- 
lity of extrapolating back to zero OIT).     By 
plotting  oven-aging  end points obtained in 
this manner vs.   the  inverse of the  absolute 
temperature,   apparent projected cable  lives 
of  11 years at  70oC and 274 years at 40oC, 
and an Ea of 23.3 kcal/mole were obtained. 
This compares   favorably with the weight mon- 
itoring approach   (12  years at 70oC,   304 years 
at 40oC,   and Ea  at  23.4 kcal/m) .     It  should 
be noted that  the deviations between  the data 
are greater by  the extrapolation method as 
compared  to the weight monitoring of  air  oven 
aging specimens;  however,   this problem could 
be  overcome by employing a sufficient number 
of  replications. 

(c)   Extrapolation  of this  straight line 
implies a cable  life of  189 years  at  70oC, 
and thousands of years at 40oC. 

IV.  Extrapolation of Cable Life from Oven- 
Aging Data by Weight Monitoring;  The 

oven-aging life times were plotted against 
the  inverse of the absolute  temperature  for 
all C insulated wires aged from 105oC to 
190oC and are also shown  in Figure   12. Where 
possible,   the time required  for the onset of 
the  sharp weight gain   (noted as Phase C of 
Section I)  was taken as the  thermal  life. 
Results indicate  the following: 

(a) A straight line was  obtained be- 
tween  105oC and approximately  150oC. 

(b) The activation energy calculated 
from this straight line is  23.4 kcals/mole. 

VI.  Comparison  of Thermal Life Estimates by 
Oven-Aging   and DSC-OIT Methods; 

In sections III  and IV,   cable life estimates 
were obtained using  circulating  air  oven- 
aging   (105-190oC)   and  DSC-OIT   (170-205OC) 
techniques.     From this data,   it is  seen that 
the DSC-OIT method over-estimates  the cable 
life   (relative  to the  oven-aging method)   by a 
factor of roughly 16 at 70° and even more 
at 40oC. 

The possible  factors   involved that could ac- 
count for  this  difference in cable  life pro- 
jections  include   (a)   antioxidant blooming 
phenomena,   (b)   test  temperature range differ- 
ences,   (c)   sample geometry and size,   and   (d) 
gas environment during  testing.     These factors 
are discussed below. 

(a)   Antioxidant Blooming Effect:   It  is 
known that antioxidant blooming  from PE in- 
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sulation takes place at low temperature; e.g. 
70° for LDPE6 and 50r70oC for LDPE and HDPE^. 
Howard" has discussed the factors affecting 
migration in some detail, and emphasizes that 
temperature is the key; migration takes place 
only below the melting range and may be most 
prominent at 50-70oC# at least for LDPE.  It 
is to be noted that all oven-aging (and DSC) 
data reported herein for HOPE were obtained 
at a minimum temperature of 105oC# well above 
the temperature at which blooming might be 
anticipated (again at least for LDPE) .  From 
data of Roe, Bair, and Gieniewski , we have 
estimated that the solubility of Irganox 
1010 in LDPE (about 50% crystallinity) is ap- 
proximately 0.015% at 70oC and 0.40% at 105° 
C.  If one assumes that the solubility in 
HDPE is 1/3 of that in LDPE at an equivalent 
temperature, then one could anticipate ap- 
proximately 0.13% solubility in HDPE at 105° 
C.  This is still greater than the actual an- 
tioxidant concentration (about 0.1%) prior 
to wire extrusion. Therefore, while the 
possibility of antioxidant blooming under 
these test conditions cannot be unequivocally 
excluded, it does not appear likely, and 
this factor alone is not adequate to explain 
the different activation energies and cable 
life projections. 

(b) Temperature; The temperature effect 
is demonstrated from both the OIT decay 
curves (Figures 2-7) and the Arrhenius plot 
of thermal aging life time vs. absolute 
temperature (Figure 12). As discussed in 
Section II-C, the OIT decays linearly with 
oven aging time above, and non-linearly be- 
low the melting peak temperature.  This im- 
plies the possibility of different antioxi- 
dant decay mechanisms in the two different 
temperature zones. In Figure 12, the signi- 
ficant non-linear character of the Arrhenius 
plot was also developed around 150oC. This 
further supports the hypothesis that there 
are two different antioxidant decay mechan- 
isms for the two temperature zones; there- 
fore, the projected thermal life is also an- 
ticipated to be temperature zone dependent. 

(c) Sample Size and Geometry; The ef- 
fect of sample dimensions on DSC-OIT results 
was considered and examined during the 
course of this work. In Figure 13, the OIT 
as a function of oven aging time at 1150C is 
shown for bot-.h 19 and 22 AWG HDPE C insula- 
tions . The OIT difference between these 
two gauge wires having the same insulation- 
pigment combinations, was observed to in- 
crease as the oven-aging time increased; 
thinner insulation walls lead to more rapid 
antioxidant decay. This demonstrates the 
surface nature of the antioxidant consump- 
tion reaction during the oven-aging test. 
Decker, Mayo, and Richardson^ have ore-: 
viously demonstrated the surface nature of 
the oxidation process in LDPE samples by oxy- 
gen 
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absorption experiments. 
This mode of antioxidant consumption renders 
the sample size and geometry as important 
factors in developing data for thermal 
life estimates. 

Furthermore, we have observed that the wire 
insulation for oven-aging tests maintains its 
original shape up to 150 C and then exhibits 
some spreading at higher temperatures, at 
the point of contact between the specimen 
and the aluminum pan.  Insulation spreading 
is not very great at 150oC, but, visually, 
appears to increase as the temperature in- 
creases.  The OIT test samples, which are 
much smaller in size and different in shape, 
than the oven-aging test samples, also had 
more surface contact with the copper pan due 
to their greater spreading relative to the 
oven-aging test samples at equivalent temper- 
atures. The larger surface to volume ratio 
for the OIT test samples (vs. oven-aging 
test samples) would cause more rapid antioxi- 
dant consumption. 

In the 170c>C-190oC temperature region of 
Figure 12, the two Arrhenius plots are rela- 
tively parallel to each other; however, the 
oven-aging curve is always below the OIT 
straight line.  This indicates that the OIT 
test displays faster antioxidant decay than 
the oven-aging test in this temperature re- 
gion. This difference in reaction rate is 
believed dua at least partially, to the 
sample geometry and sample size differences 
for the two techniques.  (Of course, the 
copper catalytic effect^ during the OIT test- 
ing cannot be neglected) . 

(d) Gas Environment Effect; No experi- 
ments have been performed to attempt to 
clarify the effect of circulating air vs. 
circulating oxygen (if any) on the projected 
thermal life. However, the oxygen absorption 
data of HDPE wire between 120oC-160oC re- 
ported by Chan , allows the calculation of 
an activation energy of 33 kcals/mole. 

This value is considerably higher than 23.4 
kcals/mole obtained from the oven-aging data 
between 105oC and 150oC (Figure 12) reported 
herein. The main difference between these 
two procedures is gas environment. Our 
specimens were exposed to circulating air 
while Chan' s were kept inside a pure oxygen 
atmosphere. This indirect evidence may sug- 
gest that the gas environment is also a fac- 
tor in projecting thermal life. Thi^: area 
requires further investigation. 

Overall results indicate that, despite the 
potential limitations to the test technique, 
the use of the DSC-OIT test to monitor the 
circulating air oven-aging treatment, pro- 
vides comparable cable life estimates 
to weight changes alone. The results re- 
ported herein also provide further in- 
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sight  into the decay mechanism. 

Conclusions 

1. Circulating air oven-aging of HOPE  in- 
sulated air core cables  leads to weight 
changes  involving four phases:   (a)   an  ini- 
tial weight drop,   (b)  a period of relative- 
ly constant weight,   (c)   a small weight in- 
crease,   and  (d)  a large weight loss.     It is 
believed that these phases correspond to 
(a)   degassing of volatiles,   (b)   antioxidant 
consumption,   (c)  onset of oxidation with 
polymeric hydroperoxide formation,   and   (d) 
chain cleavage. 

2. Measurement of relative antioxidant 
levels,  via DSC-OIT monitoring during 
these  four phases indicates  a continuous 
reduction in antioxidant concentration 
through phase C. 

3. Zero OIT has been observed to coincide 
with  either the onset of phase   (C,  weight 
gain) ,   or phase   (d,   sharp weight  loss). 
This behaviorial pattern was  observed for 
air  oven-aging over  the  105oC-12 5oC  range. 
At higher temperature,   (150-190oC),   the 
agreement between the two end points ex- 
hibits  some deviation,  believed due to the 
rapid antioxidant consumption,  which in- 
creases  the relative experimental error. 

4. An Arrhenius plot of the air oven-aging 
behavior is linear between  105oC-150oC;   Ea 
is calculated to be 23.4 kcal/mole,   and 
projected cable life is  12 years at 70oC 
and  304 years at 40oC.     The Arrhenius  plot 
deviates from linearity at about the  150oC 
range up to 190oC,   the highest oven-aging 
temperature employed. 

5. Comparison of Arrhenius plots of weight 
monitoring data vs.  extrapolated DSC-OIT 
monitoring data for air oven-aging between 
105oC and 150oC,  reveals that it is not 
possible to accurately distinguish between 
cable  life projections and Ea between the 
two  techniques. 

6. Conventional DSC-OIT testing of un- 
aged cables over the 170-205oC range yields 
a linear Arrhenius plot.     Ea is calculated 
to be  37.2 kcal/mole,   and projected cable 
life  is   189 years  at  70oC and  thousands 
of years at 40oC. 

7. The Arrhenius plot of the air oven- 
aging data and the related OIT decay curves 
indicate that a different antioxidant decay 
mechanism is likely above and below Tm. 

8. Differences in cable life projections 
are reviewed in terms of antioxidant 
blooming effects,   temperature ranges, 
samples sizes,  and geometry,   and the gas 
environment. 
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LOW TEMPER/.TURK BRITTLENESS 
OF LOW DENSITY POLYETHYLENE FOR CABLE JACKETS 

by 

K.YAMAGUCHI.  H.KISHI 
H.TAKASHIMA and S.OTOMO 

Ube Industries,  Ltd. 
Tokyo, Japan 

SUMMARY 

A reproducible testing method for evaluating 
the lov density polyethylene for cable jacket which 
had very low brittleness temperature was 
established. This test method was essentially same 
as ASTM D746 except that surface notched 
specimens were used.The notching apparatus and 
measuring method of notch depth are described. 
In order to control the notch depth and its 
uniformity, the microscope observation was used. 

Using this testing method, the effective factors 
o \ brittleness temperature of polyethylene for cable 
jacket were investigated. Several factors which 
affects the low temperature properties of cable 
materials are discussed. 

A new low density polyethylene which has good 
low temperature characteristics as well as 
excellent properties for cable jacket was developed 
and commercialized. 

INTRODUCTION 

The low temperature characteristics among 
various essential properties such as environmental 
stress crack resistance (ESCR) and weathering 
resistance is one of most important properties of 
low density polyethylene for cable jacket. 

Many apparatuses for measuring the brittleness 
temperature of plastics have been proposed. 
The apparatus developed by Smith et all) ancj 
standardized in present form of ASTM D7462) is 
widely used. The brittleness temperature of the 
high molecular weight low density polyethylene for 
cable jacket measured by ASTM D746 is lower than 
-800C, But cable jacket is not actually usad at such 
very low temperature and sometimes fails at much 
higher temperature than estimated by ASTM method. 
The measurement at such low temperature causes 
the mechanical problem of apparatus, the difficulty 
of temperature control and the scattering of testing 
results. So it can not be effectively used for the 
quality evaluation of cable jacketing material. In 
order to overcome these difficulties, the method 
using notched specimens for the test at higher 
temperature which can eliminate the fluctuation 
caused b> specimen preparation had been 
proposed. ^H) 5) 

The surface notched specimens were used in 
this testing, because the notch is similar to a 
scratch or a cut of cables in the field and also it 
raises brittleness temperature remarkably. In the 
early stage of development, the brittleness 
temprature measured with surface notched 
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specimens widely fluctuated. Then it was found that 
the fluctuation was mainly due to the scattering of 
notch depth. The notch depth could be measured by 
a microscope with scale in eyepiece. To keep the 
notch depth constant, an idea of an air cylinder 
which presses the specimen on a razor blade at 
constant pressure was introduced , An improved 
apparatus using this idea was developed by a 
testing machine maker. This apparatus was found 
to be successful in getting more reproducible 
results. 

The brittleness temperature of polyethylene and 
polyethylene cable jacket is dependent on 
manufacturing conditions,thermal history and 
surface damage. Several effects on brittleness 
temperature of polyethylene were investigated by 
newly developed testing method. 

The most essential matter to increase the low 
temperature characteristics of cable jacket is to 
use the material which has very low brittleness 
temperature. As the cable jacketing compound of 
ethylene homopolymor which was used in the past, 
was inferior in ESCR and low temperature 
characteristics, the material which has better 
properties was required. In order to fulfil the above 
requirements, an ethylene vinylacetate (EVA) 
copolymer cable jacketing compound which has 
better properties not only in ESCR and low 
temperature brittleness but also weather 
resistance, resistance to chemicals, mechanical 
strength and processability was newly developed 
and commercialized. 

TESTING METHOD 

Description of Sample and   Apparatus 

The sample used in this testing was the low 
density polyethylene for cable jacket " UBEC 600V6" 
which was newly developed and had very good low 
temperature characteristics as shown later. 

The apparatus for brittleness temperature test 
in ASTM D 746 was used and its striking member 
was motor driven.The clamp and specimen were 
set as shown in Fig 1. The distance from the edge 
of clamp to surface notch was effective on 
brittleness temperature (Fig 2).In order to fix the 
distance to 2 mm, the distance from specimen edge 
to notch was set at 14.5 mm because the length 
of specimen in clamp was 12.5 mm. Since the notch 
depth was most effective as shown in Fig 3, a semi- 
automatic notching apparatus"which was shown in 
Fig 4 was used , It consists of the parts which fix a 
razor blade to the predetermined height and control 
the pressure as well as time that specimens are 
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pressed on razor blade. The height of razor blade 
can be set by the screw with scale. The pressure 
was controlled by the pressure of air cylinder and 
the time was set by the timer which controls the 
opening and closing of double solenoid valve. 

The apparatus is commercially 
available from Toyo Seiki Seisaku- 
sho Ltd. (Tokyo) 

2 mm 

1 clamp 
2 specimen 
3 striker 
4 notch 

(0.2 mm depth) 
37.5 mm 

Pig. 1   Dimension of specimen and clamp 

-JO 

-40 

-50 

-60 

0.2 mm  notch 

2 3 

dittonc* (mm) 

Fig. 2   Effect of the distance from notch to clamp 
edge on brittleness temperature 

1 air cylinder 
2 timer 
3 pressure gauge 
4 razor blade 

and specimen 

Fig. 4   Notching apparatus 

Measurement Procedure 

Polyethylene granules were homogenized by 
milling and molded at 16b0± 50C into 1.91±0.25 mm 
sheets. In order to i^et constant cooling rate, the 
melting sheet was ;aken out from the press, and then 
backing plates waa detatched before sample was 
quenched in water of 25i20C. 

As the brittleness temperature using notched 
specimens was found not influenced by specimen cut 
methods (Table 1), the die cut were used in this 
investigation. 

Table 1   Effect of specimen cut method on brittleness 
temperature 

cut method brittleness temperature 

die cut -35.2-0 
razor cut -34.0oC 
guillotine cut -33.9%: 

-20 

-30 

-40 

-50 a. _L _L J_ 
0.16       0J8      020     022     024 

notch    depth   (mm) 

Fig. 3   Effect of surface notch depth at about 
0.2 mm on brittleness temperature 

A razor blade was set at about 0.2 mm height, 
then a couple of specimens were notched. The 
specimens were cut apart along the notches, and each 
depth was measured by the microscope with scale in 
eyepiece. If the depth was not at 0.200 i 0.005 mm, 
the height of razor blade was reset. This procedure 
was repeated until 0.200 ±0.005 mm notch depth was 
attained. Several specimens were notched after 
razor blade setting for a confirming that all of the 
notch depth are within 0.200± 0.010 mm, then all 
specimens were prepared. 

Failure was defined as the easy bend to an angle 
of 90 deg. in the impact direction. The brittleness 
temperature was determined by calculation because 
the values by calculation method (ASTM standard 
method) were conformed with those determined by 
graphic method. 
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Reproducibility of Results Effect of Carbon Black. 

The first criterion of acceptability for a proposed 
quality evaluation test is a good reproducibility of 
results. In the earlier stage when the notch depth and 
uniformity could not be controlled and molding 
conditions E.nd the distance from clamp edge to notch 
were not stiictly constant, the results fluctuated 
among measuring blocks. 

The 12 testing results of UBEC 600V6 were shown 
in Table 2. The overall average brittleness 
temperature was -34.83± 1. 340C . This level of 
reproducibility proves that this method can be used 
for the evaluation of cable jacketing material. 

The avei ige notch depth of each run was controlled 
within 0.200± 0.010 mm and overall average notch 
depth was 0.1967± 0.0051 mm. The notch depths of 
failed and unfailed specimens at each stroke were 
measured. The overall average notch depth of failed 
specimens was 0.1970 mm and that of unfailed 
specimens was 0.1969 mm, which shows no tendency 
between notch depth and specimen failure. 

Table 2   Reproducibility of brittleness temperature 
(Tb) of UBEC 600V6 

notch depth (mm) 

Tb ave. stand. ave. ave. 
dev. (fail) (unfail) 

-37.0 0.1947 0.0070 0.1953 0.1946 
-35.6 0,2000 0.0040 0.2006 0.2013 
-33.2 0.1928 0.0050 0.1913 0.1941 
-36.4 0.2004 0.0021 0.2013 0.1997 
-36.2 0.1938 0.0035 0.1950 0.1934 
-34.4 0.1955 0.0055 0.1953 0.1979 
-35.8 0.1943 0.0060 0.1957 0.1922 
-35.4 0.1936 0.0052 0.1911 0.1925 
-34.0 0.1990 0.0050 0.2007 0.1982 
-33.8 0.1992 0.0071 0.2009 0.1980 
-33.0 0.1965 0.0051 0.1940 0.1981 
-33.2 0.2026 0.0052 0.2026 0.2025 

average -34.83 0.1967 0.0051 0.1970 0.1969 

Carbon black which is incorporated with weather 
resist'mt polyethylene for cable jacket influences 
the brittleness temperature depending on its amount 
and its particle size. As shown in Fig 5 . the 
addition of 2.6 % carbon black raised brittleness 
temperature by about 10oC and the furnace type 
carbon widely used at present deteriorates by about 
2^ in comparison with the channel type carbon 
which was once prevalent has become very minor 
at the moment due to by the air act law. 

furnace 

average of Tb:   -34.83 
standard deviation:   1.34 

content (%) 

Fig. 5   Effect of carbon black type and content on 
brittleness temperature 

Effect of Extrusion 

The effect of extrusion on brittleness 
temperature was measured. The compounds which 
were extruded at various temperatures were 
compression molded into sheets. The brittleness 
temperature ind melt index of the sheets were shown 
in Table 3.From the these results , both the 
brittleness temperature and melt index of extrudate 
were the same as those of original, which means the 
effect of extrusion degradation on brittleness 
temperature is negligible. 

EFFECTIVE FACTORS 

ON BRITTLENESS TEMPERATURE 

It is supposed that the brittleness temperature of 
the cabU, jacket is influenced by, for instance, the 
following factors . Firstly, cable jacket is subjected 
to the exposure under severe environment, which 
implies there might be the change of crystalline 
and molecular structure and also the surface damage 
is expected. Secondary, the processing conditions 
affect the residual strain, molecular and crystalline 
structure. Thirdly, the cable structures such as 
alumnium seam part of collugation and bonded 
jacket cable, are r^ady to damage the jacket. 
In this part, several factors are chosen and their 
effect on the brittleness temperature are discussed. 

Table 3   Effect of extrusion of material on 
brittleness temperature 

temperature CO Tb(°C)       melt index(g/10min) 

original 
ISO^C 
2 ICC 
240oC 
27000 

Notch Effect 

As mentioned in the testing method and shown in 
Fig 6, the notch effect on brittleness temperature 
was very significant when unnotched specimens 

-34.3 0.13 
-33.8 0.13 
-34.0 0.14 
-35.0 0.13 
-32.0 0.12 
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were used, the brittleness temperature of UBEC 
600V6 was lower than -110°C. But only 0.1 mm 
surface notch raised it to about -60oC and 0.5 mm 
notch (1/4 specimen thickness ) to about -50C. The 
fracture surface of various specimens observed by an 
electron microscope are shown in Fig 7. These 
figures show that the failure of unnotched specimen 
takes place in the state of brittleness and that the 
center of specimen is imposed by the complicateH 
stress.The deeper was the notch, the higher 
became the failure temperature. In this case, 
polyethyleneadja'jentto the end of notch was elongated 
and failed but the successive ftilure was proceeded in 
brittle state. 

0 - 

-10 - ^ 
^ 

-20 - 

30 - / 

-40 - / 

-50 - 
/ no notch 

-60 - / 
T^-IIO'C 

^ ) ai 02       03        Of» 05 

nofch  diplh  (mm) 

Brittleness Failure from 
the Seam of Bonded Jacket 

The results of low temperature impact test of 
bonded jacket with UBEC 600V6 and ethylene 
ho nopolymer for cable jacket were shown in Table 4. 
Hi) weight was dropped from 3 feet height on to the 
seam of aluminum at various temperature according 
to REA specification. 6) The cables were cut and 
cracks at the edge of aluminum were observed. 
The small size cable cracked at higher temperature. 
Thi" might be due to high impact energy per unit 
area. As shown in Fig 8, though the cracks occured 
from the edge of aluminum at relatively higher 
temperature, the fracture surface shows the 
brittleness failure. Table 4 also shows the brittleness 
temperature measured with notched specimen (Tb) 
and the failure temperature of specimen which was 
bonded aluminum on polyethylene and whose aluminum 
edge was placed at the position of the notch (Tb(A)). 
These results show that the cables made cf the 
material which has lower brittleness temperature 
have also good low temperature characteristics. 

Fig. 6   Effect of surface notch depth on 
brittleness temperature 

no notch at -110oC 0.1 mm notch at -650C 0.2 mm notch at -39°C 

jm*J-&it*~,.>t 

^fj^mx^-: 

ft^mm 

0.3 mm notch at -24°C 0.4 mm notch at -210C 0.5 mm notch at -10oC 

Fig.7   Micrograph of fracture surface by electron microscope.  Specimens were struck from up to down 
of micrograph 
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Table 4   Brittleness temperature and low 
temperature impact test of bonded jacket 

UBEC 600V6 
ethylene homopolymer 
compound  

Tb     ("O   -34.8 
TMAH-C)   -38.4 

-18.5 
-21.5 

low temperature impact (failure %) 
small size cable 
-20<>C              0 4 
-30oC             17 44 
-40oC            29 62 

medium and large si;ie cable 
-20oC             0 0 
-30°C             0 0 
-40oC             0 5 

weathermeter estimated from the shoulder of DSC 
thermogram was 50^60oC and 65'-^750C, 
respectively.7) The results show that the slight 
increase of brittleness temperature in the short 
period is due to heat but the noticeable increase 
does not occur .iitil polyethylene begins to 
degradate. 

.-iO 

_] ] i i_ -I 1.930 
40     50     60     TO     90     90     100   110 

temp,   cc) 

: 

Fig. 9   Effect of heat treatment on brittleness 
temperature 

Fig. 8   Micrograph of fracture surface which 
occured by weight falling impact test of 
bonded jacket. The crack initiates from 
aluminum edge and stop in the middle of 
specimen thickness. 

Effect of Heat and Weathering 

The maximum temperature of cable is supposed 
to be about 60~70oC in the warm district . 
Cable jacket is usually exposed in high temperature 
and sunshine for a long time and sometimes it is 
subjected to higher temperature heat treatment in 
such case that cable is jointed. The brittleness 
temperature was slightly raised by 18 hours heat 
treatment up to 90°C but it was extremely raised at 
higher temperature treatment than 90oC(Fig. 9). 
By annealing at high temperature, the crystallinity 
or density increases and the crystalline is 
rearranged, therefore the polyethylene becomes 
more brittle. The weathering effects in carbon arc 
weathermeter and out door exposure were shown in 
Fig. 10. The brittleness temperature rose slightly 
in the short time exposure, but thereafter it did not 
change so much in this exposure period. The 
thermal history in outdoor exposure and carbon 

-20 

-so 

-40 

corbon ore wtotMrmattr 
•  A 

out   door    «xpoiuro 

SCO    1000   2000 
iay« 

Fig. 10   Effect of weathering in weathermeter 
and out door exposure. 

PROPERTIES OF NEW COMPOUND 

The cable mast be used for a long time, so that 
it is desired to improve the reliability of cable 
jacket. The new cable structure such as bonded 
jacket which influences on the low temperature 
characteristics was developed. Moreover, the 
production of channel carbon was stopped because 
of air pollution and furnace carbon, which is slightly 
inferior to channel carbon in ESCR and low 
temperature characteristics, had to be used. 
For these reasons, it was required to develop a 
compound which contains furnace carbon and 
posesses high ESCR and low brittleness 
temperature. In order to fulfil the requirement, an 
EVA copolymer for cable jacket, UBEC 600V6 was 
developed.In Table 5, the properties of UBEC 600V6 
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are shown comparing   with ethylene homopolymer 
compound. From the results of Table 5 and various 
testing of low temperature brittleness, this compound 
is superior in low temperature characteristics. 
It showed no ESC under severe conditioning and 
processing degradation. The weather resistance in 
xenon arc weathermeter is shown in Table 6. 
This shows that no indication of degradation was 
detected until 8000 hours. As already shown in Fig, 9, 
noticeable increase of brittleness temperature was 
not also detected in carbon arc weathermeter until 
8000 hours (330 days). Besides ESCR and brittleness 
temperature, this compound is excellent in 
mechanical properties, electrical properties, 
resistance to chemicals, processability and so on 
which are essential for cable jacketing compound. 

CONCLUSION 

The testing method of brittleness temperature was 
established by the use of surface notched specimens 
and the control of the f ollowings: 

a) depth and uniformity of notch 
b) distance from clamp edge to notch 
c) molding temperature and cooling rate 

Cable jackets sometimes fail at considerably high 
temperature because of surface damage, defects of 
cable structure and thermal history at high 

temperature. For these resons, in order to increase 
the reliability of cable jacket, it is essential to use 
the material which has low brittleness temperature 
and attention has to be paid to the design of cable 
structure, processing and handling. 

Based on these information, a new cable jacketing 
compound UBEC 600V6 was developed and 
successfully commercialized. 
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Table 5  Properties of UBEC 600V6 Table 6 Watherablity of UBEC 600V6 
in xenon weathermeter 

UBEC600V6 UBEC600 
polymer type 

carbon black type 
content (%) 

melt index (g/10min) 
tensile properties 

yield strength (kg/cm^) 
break strength (kg/cm2) 
elongation (%) 

ESCR at 50oC (F50,hr) 
1450C, lhr,50C/hr 
70oC, 18 hr 
brabender mix 
at 160oC, Ihr 
and 70°C 18hr 

brittleness temperature 
unnotch (°C) 
0.2 mm notch CO 

electrical properties 
dissipation factor at 
dielectric constant 
at 1 MHZ 

not fail 0.1 

<-no -103 
-34.8 -23.8 

MHZ 6.5 x 10 -3 1.3x 10 -3 

2.52 2.56 

EVA homo- time MI strength elongation brittleness 
copolymer polymer 

channel 
(hrs) (g/lOmin) (kg/cm2) (%) at -60oC 

furnace original 0 13 230 610 0/5 
2.6 2.6 2000 0 13 215 630 0/5 
0.13 0.25 4000 0 11 205 600 0/5 

6000 0 12 215 615 0/5 
95 95 

250 
8000 0 15 215 600 0/5 

250 
650 650 

not fail 0.5 
not fail 10 

commercial name of ethylene homopolymer 
cable jacketing compound 
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COMPARISON OF TEST METHODS FOR DETERMINATION OF 
STABILITY OF WIRE AND CABLE INSULATION 

by 

E. T. Kokta 
Bel1. Laboratories 

Murray Hill, New Jersey 0791^ 

Summary 

Predicting the lifetime of Bell System wire 
Insulation In the field is of the utmost 
importance to insure adequate service life. 
Many test methods are used:  differential 
thermal analysis, oxygen uptake, and physical 
cracking.  This paper discusses the principles 
of these methods, their advantages, limita- 
tions, and interchangeability. 

Introduction 

Recent field failures of low-density polyeth- 
ylene wire insulation^ have led to an extended 
program on material stabilization together 
with an attempt to Improve our ability to pre- 
dict the lifetime of Bell System wires in the 
field.  This paper discusses the principles of 
several test methods, their advantages and 
limitations, and whether or not they can be 
used Interchangeably. 

Basically, two types of tests are used: 
higher temperature methods represented by 
thermal analysis (220-180°) and oxygen uptake 
(150-110°), and a lower temperature method 
Illustrated by physical cracking in oedestals 
or forced-air ovens. 

Experience has shown that both types of test 
methods are essential for obtaining complete 
information about the oxidative stability of a 
sample.  Short-terra, high-temperature tests 
are needed for quality control purposes, while 
the longer term, lower temperature testing is 
necessary for accurate prediction of service 
life. 

Experimental 

Preparation of Samples 

Samples for this study were made from duPont's 
unstabllized, high-density polyethylene and 
different combinations of antioxidants and 
copper deactivators.  Mixing was achieved by 
milling at 160°C for not more than four min- 
utes.  The milled samples were then extruded 
onto a 22 AWG copper wire2 using a Welding 
Engineers' 0.8-inch twin-screw extruder with a 
length-to-diameter ratio of 24:1.  Barrel and 
crosshead temperatures were maintained at 425 
0F, screw speed at 80 rpm, and head pressures 
at 1600 psl.  The wire speed was 180 feet per 
minute, and the insulation thickness was main- 
tained at 6.0+0.5 mils.  The conductor was 
preheated to 400oF using a Walco preheater 
modified for low speeds. 

Test Methods 

Thermal Analysis - The oxidative stabil- 
ity of polyethylene Insulation is conveniently 
measured by thermal analysis (Figure 1).  When 

performed at high temperatures (l80-220oC), 
this test requires a short time. 

In the method used in the present work, a sam- 
ple is arranged in an aluminum pan lined with 
a copper disc and placed in the thermocouple 
position, heated in helium to a desired tem- 
perature (220, 210, 200, and 190oC were used 
in this experiment), and held at that tempera- 
ture in oxygen until the exotherm occurs.  A 
tyoical thermogram is shown in Figure 2.  The 
induction time determined from the exotherm by 
extrapolation is the measure of the oxidative 
stability of a sample.  A zero Induction time 
is considered as indicating that all the sta- 
bilizers initially present have been exhausted 
at the temperature of testing.  Some residual 
stability may be present at lower temperatures. 

The Instruments used for this study were an 
E. I. duPont 990 Thermal Analyzer equipped 
with a DSC cell and an R. L. Stone Thermal 
Analyzer with a DTA cell. 

Oxygen Uptake - A second method frequent- 
ly used is oxygen uptake.  This method has 
been described In detail by Hawkins et al.3 
As Figure 3 shows, a sample is placed In a 
glass tube filled with oxygen and connected to 
a buret containing mercury.  The tube is 
Inserted into a constant-temperature bath 
(temperatures of 150, 130, and 110oC were used 
In this experiment) and readings taken period- 
ically as the sample absorbs oxygen.  The 
Induction time is determined by plotting buret 
readings against time, and this procedure gen- 
erates a curve quite similar to that produced 
by thermal analysis (Figure 4). 

Oxidative Stress-Cracking - The stress- 
cracking method detects physical failures of 
wire Insulation aged at different temperatures 
In pedestals or ovens.  A typical Bell System 
B-type pedestal dome complete with base plate 
Is shown In Figure 5. 

Pedestals like this are actually used In the 
field tc protect cables at Junctions from 
which wires are led to a house.  In this 
experiment heated pedestals were used to simu- 
late an environment to which wires might be 
exposed in service.  Aging temperatures of 
110, 100, 90, 80, and 70oC were used.  Custom- 
made heating mantles were used to heat the 
pedestal domes.  Each pedestal had its own 
temperature controller and high-temperature 
alarm system.  In oven aging a standard 
forced-air oven at 70oC was used.  To Initiate 
cracking, wires were twisted into so-called 
"pigtails" and visually examined for cracks. 

The Effect of Solubility 

It has been observed by J. B. Howard and H. M. 
Gllroy^ that data from hlgh-tamperature test 
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methods for low-density polyethylene (LDPE) 
occasionally tend to produce misleading infor- 
mation when extrapolated to lower tempera- 
tures.  This is partly due to an abrupt change 
in the solubility of stabilizers in LDPE near 
its melting point (around 80oC).  Above this 
temperature most stabilizers remain reasonably 
soluble in the polymer, but below It the solu- 
bility is sharply decreased to a level of a 
few parts per million. The result is that 
most stabilizers partially diffuse out of the 
polymer and are lost5.6 (Figure 6).  Although 
the loss rate of stabilizers from a solid 
polymer is smaller from high-density polyeth- 
ylene (HDPE^T.S one of the objectives of this 
study was to determine whether HDPE behaves 
similarly to LDPE. 

Because of this solubility phenomenon, testing 
at lower temperatures is necessary to obtain a 
realistic evaluation of service life at field 
temperatures. 

Advantages and Limitatlonp of Test Methods 

Some characteristics of the three test methods 
discussed in this paper are summarized in 
Table I.  The thermal analysis method requires 
a short period of time to produce results. 
Only a small quantity of material is needed 
for testing, and a sample is prepared in a 
matter of seconds.  Material in a variety of 
forms can be tested by this method - pellets, 
molded fMlms, powder, or wires.  Of these four 
most used forms, molded films and powders give 
the most reproducible results because in such 
samples stabilizers are well dispersed within 
the polymer. Pellets and wires are less homo- 
geneous, so in these cases the reproducibillty 
Is somewhat lower. 

In this method a sample Is tested in the 
molten state, a procedure which reduces the 
reliability of the data for lifetime predic- 
tion purposes. For this reason and also 
because of the short time needed to obtain 
results, the thermal analysis method is proba- 
bly best limited to use for quality control 
purposes. 

Oxygen uptake experiments are usually carried 
out at lower temperatures than thermal analy- 
sis.  Often the temperatures used are well 
below the melting region of polyethylene. A 
larger sample ('v.lOg) is needed, and the forms 
most widely used are films or wires, although 
powders and pellets can also be accommodated. 
Preparation of a sample is rather elaborate 
and requires some time. This method is slower 
in producing results than thermal analysis 
because of the lower temperature used.  Test- 
ing at lower temperatures, which takes a long 
period of time, requires a sealed system to 
avoid leaks in connecting tubes which fre- 
quently occur due to oxidation.  Unlike ther- 
mal analysis, oxygen uptake is mostly uted for 
screening of samples since the elaborate prep- 
aration and the long time it requires to pro- 
duce results render the method Inconvenient 
for quality control use. 

An outstanding advantage of both thermal anal- 
ysis and oxygen uptake methods is that a curve 
containing kinetic information is generated in 
each case. 

The stress-cracking method 
the above two, but because 
tested in a solid state, th 
tions more closely resemble 
ment.  Therefore, the data 
lifetime prediction.  A dis 
method is that a large samp 
needed, and preparation of 
extruding) is necessary pri 
is impossible to test powde 
reproducibillty of results 
a clear definition of a era 
prior to testing since crac 
ent forms. 

is much slower than 
the sample is 
e testing condi- 
the field envlron- 

can be used for 
advantage of this 
le (>10g) is 
a sample (molding, 
or to tetting.  It 
rs or pellets.  The 
is quite good, but 
ck has to be made 
ks occur in differ- 

Interchangeability of Test Methods 

Since the three methods described above are 
all used concurrently in testing samples for 
the Bell System, it is important to know how 
they compare and indeed whether they test the 
same phenomenon, i.e., thermal oxidation of the 
polyolefin. 

As discussed earlier in this paper, the bases 
for each of the three test methods are 
slightly different; and therefore, some dis- 
continuities may be expected if the data are 
plotted together. 

An example of data points from all three meth- 
ods is shown in Figure 7.  Sample A is stabi- 
lized with a ternary system containing 0.1 
percent of an ollgomer of 2,2-il-trlmethyl-l,2- 
dihydroquinollne, 0.05 percent distearyl thio- 
dlproplonate, and 0.05 percent dibromooxani- 
lide.  It can be seen that the thermal analy- 
sis induction time points (220, 210, 200, and 
190oC) and the oxygen uptake time points (150, 
130, and 110oC) fall onto a straight line.  On 
the other hand, the line through the points 
plotted from the cracking data at lower tem- 
perature shows a slope different from the 
high-temperature line, and the extrapolated 
lifetime from the cracking data line is 
shorter than that obtained from the induction 
time/oxygen uptake data line.  Some of the 
different factors affecting the results 
obtained from each test method are discussed 
below. 

In the oxygen uptake method, the sample is in 
a static closed system. Thus all of the sta- 
bilizers or their reaction products remain in 
the system. The sample may or may not be 
tested in the molten state, since both higher 
and lower temperatures are used. 

In the thermal analysis method, the sample is 
flushed constantly w5th oxygen, which might be 
expected to remove stabilizers.  However, as 
the sample is always tested in the molten 
state, a high solubility is maintained. 

The samples for the cracking test are exposed 
to very slow air changes caused by convection 
in pedestals and to more rapid air circulation 
in the forced-air ovens. This air may carry 
away some of the stabilizers, especially if 
they diffuse to the surface at the lower tem- 
peratures.  This would, of course, leave the 
sample less protected from oxidation.  This 
probably explains why pedestal aging appears 
to be a more severe test than the oxygen 
uptake method and explains the discrepancy 
between the data obtained from these tests in 
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Figure 7.  The cracking method cannot test 
samples at temperatures higher than 110oC> so 
the results obtained from this test better 
represent the conditions of a practical 
application. 

It might be argued that the pure oxygen atmos- 
phere used in the oxygen uptake test should 
accelerate degradation relative to the pedes- 
tal or oven test where air forms the atmos- 
phere.  Apparently this effect Is outweighed 
by other differences luch as those discussed 
above.6 This argumen; Is further supported by 
the cracking data obtained from a 70oC forced- 
air oven.  The point designated as "oven 
cracking point" in Figure 7 falls far below 
the line through the pedestal cracking points, 
which indicates that In the 70oC oven the sam- 
ple cracked some 50,000 hours earlier than the 
extrapolated pedestal data show for 70°. This 
is probably a result of the rapid air change 
which would encourage the maximum volatiliza- 
tion of antioxidants from the samples.  The 
forced-air oven Is consequently the most 
severe of the tests examined. 

Another factor that might expl 
ences in data points found bet 
Ing test and the thermal analy 
uptake is the observed phenome 
times cracking Is surface-lnlt 
occur before a total loss of s 
established by higher temperat 
should also be mentioned that 
important difference between t 
ysls, oxygen uptake, and stres 
ods:  In thermal analysis and 
tests at higher temperatures. 
In the molten state during tes 
fore, the stabilizers are well 
within the polymer. 

aln the differ- 
ween the crack- 
sis and oxygen 
non that some- 
lated and can 
tablllzers is 
ure methods.  It 
there Is another 
Y,p  thermal anal- 
s-cracklng meth- 
In o/ygen uptake 
the samples are 
ting; -.'.nd there- 
dissolved 

The same trends as discussed above were 
observed In many other samples - for example, 
in Sample B (Figure 8) stabilized with 0.1 
percent tetrakls [methylene-3(3',5'-dl-tert.- 
butyl-it ,-hydroxyphenyl)proplonate] methane, 
0.05 percent thlodlethylene bis (3,5-dl-tert.- 
butyl-U-hydroxy) hydroclnnamate, and 0.05 per- 
cent salicyloyl amlne trlazole.  Samples A and 
B both showed large differences in data points 
between the high-temperature and the low- 
temperature test methods. 

Conclusions 

As Figure 8 shows, the differences in data 
obtained from the three test methods are real 
and do not depend on the stabilization system 
of the sample.  It is concluded that the ther- 
mal analysis method is very useful for quality 
control purposes, while the oxygen uptake Is 
best suited for screening new stabilizer com- 
binations. However, these two methods are not 
accurate for extrapolation and prediction of 
the lifetime because they tend to give results 
which are too optimistic. Cracking tests pro- 
duce more realistic results but because of 
the lower temperatures Involved take a longer 
time and thus are not very useful for quality 
control or screening purposes. 
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IMPROVED TELEPHONE JACKET COMPOUNDS 

by 

Sht'^n Kottle and R. B. McAda 
Dow Chemical U.S.A. 

Freeport, Texas 

SUMMARY 

Work undertaken to obtain a better under- 
standing of the fundamental properties of 
ethylene copolymer telephone jacket compounds 
has led to the Identification of a new series 
of products of Improved performance toward 
the processing and environmental Influences 
to which such compounds are subject. 

INTRODUCTION 

The low density polyethylene compounds which 
are used in telephone cable jackets are spe- 
cialized materials uniquely formulated for 
this application. Many of the scientific and 
engineering requirements have been defined 
through the efforts of Bell Laboratories.1 

The major factors affecting the extrusion of 
cable jackets are oxldatlve and thermal sta- 
bility under shear In extrusion equipment. 
The major environmental factors to which such 
compounds must be resistant In service are 
the effects of stress cracking agents and the 
effects of ultraviolet light and oxygen. They 
must also maintain adequate physical proper- 
ties over a broad temperature range. 

Most of the high stress crack low density 
polyethylene jacket compounds of commercial 
Importance have utilized ethylene-vlnyl ace- 
tate copolymer (EVA) to secure stress crack 
resistance which Is superior to that exhib- 
ited by unmodified polyethylene. At the time 
of the development of these compounds, In the 
early 1960's, EVA copolymers were the most 
economical low crystal 1Inlty ethylene poly- 
mers available.  The potential usefulness of 
other ethylene copolymers was demonstrated, 
but few large volume applications resulted.2 

Work was begun In our laboratories several 
years ago to re-examine the usefulness of 
copolymers of ethylene with acrylic esters 
In the cable jacket area. 

EXPERIMENTAL PROCEDURES 

The materl 
synthesize 
dal or se 
described 
lated to c 
of antloxl 
furnace bl 
In samples 
accelerate 
All the ja 
Indexes of 
the standa 
samples J 
by weight 
additives 

als described In Table 
d In our laboratories 
mi-commercial scale, 
as jacket compounds we 
ontaln appropriate con 
dants and 2.5 wt-% of 
ack.  The carbon black 
F and G which were us 

d ultraviolet light (U 
cket compounds had nom 
0.3 dg/min under the 

rd ASTM D-1238 test, 
and K contained approx 
of comonomer and were 
They were used In In 

I were 
on a commer- 
The samples 
re formu- 
centratlons 
type N-110 
was omitted 

ed to perform 
V) tests. 
Inal melt 
conditions of 
Copolymer 
Imately 25% 
free of 
vestlgatlng 

ccpolymer stability, where the comonomer con- 
centration In the jacket compounds made such 
observations difficult. 

TABLE I 

MATERIALS TESTED 

Desig- 
nation 

Descrip- 
tion Comonomer 

Carbon 
Black 

A Compound Vinyl Acetate Yes 

B Compound Isobutyl 
acrylate 

Yes 

C Compound N-Butyl acrylate Yes 

D Compound Ethyl acrylate Yes 

E Compound Methyl acrylate Yes 

F Compound Vinyl acetate No 

G Compound Isobutyl 
acrylate 

No 

J Copolymer Vinyl Acetate No 

K Copolymer Isobutyl acrylate No 

Low temperature brittleness testing (LTB) was 
performed by means of the Impact apparatus 
used for ASTM D-746, with liquid nitrogen as 
the coolant for a methylcyclohexane medium, 
■"tandard methods were used for comparison of 
physical properties to standard Industry 
specifications.  Dynamic mechanical tests 
were made using a low frequency torsion pen- 
dulum. 3 

Thermal sta 
the use of 
as thermal 
Although so 
metric anal 
capable of 
In TVA anal 
sample are 
which are 1 
means of a 
pressure tr 
X-Y recorde 
rate of evo 
function of 
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a techniq 
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ysls (TGA 
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heated in 
inearly 1 
system of 
ansducer, 
r Is made 
lution of 
temperat 

s 1nves 
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). the 
rs high 
igram q 
vacuum 

ncrease 
high v 
and ca 
to rec 
gaseou 

ure. 

tigated 
h can b 
nalysis 
to the 

TVA tec 
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uantiti 
at tern 

d with 
acuum p 
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ord the 
s produ 

through 
e described 
(TVA).- 

rmogravi- 
hnlque is 
Ulvity. 
es of a 
peratures 
time. By 
ump, . 
d leak, an 
relative 

cts as a 

Processing stability was investigated by 
means of milling experiments performed in a 
Brabender Plastl-Corder®.  Samples were 
milled, then removed for further testing. 

225 

maBMiMBMiaMü mmiüii ■ -■, ja i MMfa 

i-«N**.:wt* ^■"^^«»■i^^^j.^^,;^ 

-   ■^»^•"^■to^-a-.^^^^^ 



rp»yi?TOWIi!l^.|i;WWHiMI!i^^ »wrm. PPPW iT,»^pw'"^rtflr!flw^wpiw«T7!w^>^^ 

**M^t^/'JttJrt«W<W'HlMH!«WS«WlMI#TOw!»S-^*««:'^J.,i. 

Environmental stress crack resistance (ESCR) 
was measured by means of the bent-strip test 
(ASTM D-1693). The milled samples were also 
used for Infrared analysis and for oxidation 
resistance tests. 

Specimens were tested for oxldatlve stability 
by the use of an automatic recording oxygen 
up-take Instrument manufactured In our labor- 
atories.  Tests were conducted at a tempera- 
ture of 200oC under one atmosphere pressure 
of oxygen.  The data were obtained In terms 
of a recording of oxygen volume consumed as 
a function of time.  The oxldatlve Induction 
period was defined as the time, in minutes, 
required for the onset of autocatalytic 
oxidation. 

Ultra 
perfo 
pared 
inch 
forme 
outdo 
south 
Texas 
accel 
an ap 
Gener 
ASTM 
degre 
and m 

violet light resistance tests were 
rmed on ASTM type C tensile bars pre- 
from compression molded sheets 0.125 

thick.  Two types of tests were per- 
d. One group of samples was exposed on 
or roof racks at a 45° angle, facing 

at our laboratories in Freeport, 
Another group was tested under 

erated conditions through the use of 
paratus of our manufacture which uses 
al Electric type RS sunlatnps.  Standard 
methods were used to evaluate the 
e of retention of tensile properties 
elt index changes. 

RESULTS AND DISCUSSION 

Low Temperature Performance 

The LTB results are shown in Table II. 
The results were found to be very dependent 
on the concentration of comonomer.  The 
data given in Table II represent compositions 
which were judged practical in terms of 
over-all property balance.  By performing a 
great many tests it was possible to ascribe 
F50 temperature ranges to several of the 
compositions.  Typical results for the EVA 
and EISA (ethylene-isobutyl acrylate) 
samples are shown in Table III. 

TABLE II 

LOW TEMPERATURE BRITTLENESS 

Breaks at -768C/ 
Sample     Number of Specimens 

A 2/30 

B 0/3C 

C 2/30 

D 0/30 

E 1/30 

TABLE III 

LTB F50 Ranges 

Sample     F50 Temperature, "C 

A        -98 to -110 

B       -103 to -114 

Only slight differe 
dynamic mechanical 
and B in the temper 
+7Ü0C. In view of 
on copolymer sample 
comonomer concentra 
greater than in com 
modulus and damping 
polymer are shown i 
pronounced transiti 
well as smaller one 
ethylene at approxi 
The major damping p 
in the temperature 
mer is changing fro 
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shows that the corr 
Is centered at -32° 
Even lower transiti 
in other acrylates. 
vations on rubber r 
polymers that the d 
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the improvement in 
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Thermal Stability 
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Since the ester comonomers are minor compon- 
ents in terms of concentration in the final 
cable compounds, thermal stability was 
investigated through the use of the copoly- 
mers as model polymers. Thermal volatiliza- 
tion curves on copolymers J and K, EVA and 
EIBA, respectively, are shown in Figures 3 
and 4.  EVA exhibits dual maxima in degra- 
dation rate, centered at 320 and 420oC.  It 
is well known that the pendant acetate 
groups of EVA copolymers quantitatively 
degrade to produce acetic acid and leave the 
main polymer chain with vinyl unsaturation.6 

The higher temperature decomposition peak 
may be ascribed to degradation of the polymer 
'backbone' from the appearance in the mass 
spectrum of the gases of a wide variety of 
hydrocarbon fragments. 

The single, broader maximum for the EIBA was 
identified, as shown 1n Table IV. These 
analyses were performed by rapidly raising 
the sample temperature from ambient to the 
value shown. Instead of programming at 10oC 
per minute as in the TVA scans.  It is 
reasonable to assume from the results of 
these isothermal experiments that the vola- 
tile products shown in Table IV correspond to 
the left-hand, center, and right-hand side 
of the broad, single peak in the TVA thermo- 
gram of the EIBA copolymer. 
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TABLE   IV 

ANALYSIS  OF  VOLATILE  PRODUCTS 

Temperature,   "C 

200 

320 

400 

Predominant 
Compounds Present 

Isobutylene, carbon 
dioxide 

Isobutylene, carbon 
dioxide, hydrocarbons 

Hydrocarbon fragments 
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TABLE V 

EFFECT OF BRABENDER MILLING ON 
0XIDATIVE STABILITY 

Compound 

Antioxidant, 
ppm 

Mi 11ing Time, 
hours  

0 

1 

2 

3 

A B 

TTTS^    600    875    1.15Ö    1,500 

Oxidation  Induction   Period, 
Minutes  @  200oC 

26 

20 

15 

10 

18 

12 

6 

5 

22 

17 

12 

7 

24 29 

24 25 

14 20 

11 14 

Since  the  milling  step  is  primarily an 
oxidative  experience,   the samples  used  for 
ESCR tests  were  also examined for oxidative 
stability.     The  results  are summarized  in 
Table V  for  EVA  and  EIBA compounds contain- 

ing  various concentrations of a  proprietary 
antioxidant.    The  results  of  these   tests 
indicate  that the oxiaavive  stability of  the 
acrylic ester compound  is at  least  equivalent 
to   that of the  EVA product.     The  results  of 
extrusion  testing were  entirely analogous, 
but  less  dramatic,  since  1   hour  of milling 
has  been  demonstrated  in  our  laboratory to 
be  equivalent to  several   extrusion   passes. 

Ultraviolet Light Resistance 

The  major  factor governing  the  UV  resistance 
of  telephone jacket compounds   is   the  incorp- 
oration of a suitable amount  and  type of 
carbon  black.10     Nevertheless,   UV  resistance 
tests were performed  on  samples   F  and G 
which were prepared to be otherwise  identical 
in  composition  to samples A and  B,   except 
for omission of  the carbon  black.     The find- 
ings  regarding  the  relative  stabilities  of 
EVA and  EIBA    ompounds  toward  changes  in melt 
index,   tensile  strength,  and  elongation  are 
shown  in  Figure  6.    The  results   indicate  that 
the compounds are equivalent. 

General   Physical   Properties 

Examination of the general   physical   proper- 
ties which are  commonly used   in  character- 
izing black low density  polyethylene 
telephone jacket compounds  revealed  that  the 
acrylate compounds were equivalent  to those 
of  presently used  vinyl   acetate  compounds. 
Table  VI   summarizes  the more  pertinent data. 

CONCLUSIONS 

Black polyolefin copolymer telephone jacket 
compounds  based  on acrylic  ester-ethylene 
copolymers  have  been  developed which offer 
the  promise of being  superior  to  conventional 
vinyl   acetate compounds   in  regard  to  sta- 
bility and low  temperature  performance. 
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Compound 

Melt Index, dg/mln 

Tensile Yield. ps1 

Ultimate Tensile, psi 

Ultimate Elongation, % 

LTB 0 -760C 
(Failures/No. Specimens) 

Process Degradation 
Stress Crack Resistance 
(Failures/No. Specimens in 
24 Hours) 

1 hour mi 11Ing 
2 hour ml 11Ing 
3 hour mil 1Ing 

TABLE VI 

GENERAL PHYSICAL PROPERTIES 

D A B C E 

0.22 0.25 0.35 0.33 0.35 

1400 1300 1320 1350 1370 

psi      1950 1900 1900 2000 2100 

n, %               600 650 500 550 550 

2/30 0/30 2/30 0/30 1/30 

0/10 0/10 0/10 0/10 0/10 
0/10 0/10 0/10 0/10 0/10 
0/10 0/10 0/10 0/10 0/10 
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FIG.     1     MECHANICAL  SPECTRUM OF  EVA 
COPOLYMER 

FIG.     2    MECHANICAL  SPECTRUM  OF   EIBA 
COPOLYMER 
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FIG,   3    THERMAL  VOLATILIZATION  ANALYSIS 
OF   EVA  COPOLYMER 

FIG.     4    THERMAL  VOLATILIZATION  ANALYSIS 
OF  EIBA  COPOLYMER 
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OXIDATIVE STABILITY  STUDIES  ON CELLULAR HIGH  DENSITY 
POLYETHYLENE INSULATION FOR COMMUNICATIONS WIRE 

U.   D.  O'Rell and A,   Patel 

CIBA-GEIGY CORPORATION 
Ardsley,  New York     10502 

SUMMARY 

The effects  of chemical blowing agents  on the thermal 
oxldative  stability  of high  density polyethylene 
(HDPE)   in contact with copper have  been examined.   The 
initial phase of the study was designed to isolate  the 
effect of the blowing agent  from other variables as- 
sociated with cellular insulation.    This was accom- 
plished by blowing  various HDPE  formulations in a  con- 
trolled manner,  removing  the cell structure by milling 
and then preparing solid copper screen laminate samples 
containing no visible voids.    Using  these samples,   it 
was  found  that virtually all blowing agents when used 
at 0.5% caused a significant reduction in the 200oC 
DIA induction times compared  to similar  formulations 
containing no blowing agents.    The detrimental effect 
could be overcome by increasing  the concentration of 
the antioxidant.     In the  3econd  phase of the study, 
the performances  of various  stabilizer systems were 
examined using  both cellular and   solid HDPE  insulated 
wire.    In this phase of the study,   the solid HDPE  in- 
sulated wire was more thermal oxidatively stable  than 
the cellular  insulated wire containing the same stabi- 
lizer package.    The thermal oxidative stability of the 
chemically blown HDPE wire  insulation was  improved by 
increasing  the antioxidant  concentration.    The use of 
MDA-1 alone  offers  a viable alternative  to the present 
multi-component systems. 

INTRODUCTION 

Within the   last  few years,   there has been an increas- 
ing emphasis placed on developing  the necessary tech- 
nology,  equipment,  etc.,   for the production and use 
of cellular  insulation.    The recently witnessed raw 
material shortages  and the  subsequent price increases 
for polyolefins,  particularly high density poly- 
ethylene,  and in addition  to other  factors  including 
improved electrical  properties,  have tended to ac- 
celerate the development  of cellular insulation. 

Despite the  increasing emphasis  on producing and  in- 
stalling cellular  insulation,  only  limited data have 
been published comparing  the relative stabilities  ot 
cellular  insulation versus   the  presently used  solid 
insulation.    Recent published data1 indicates that ex- 
panded HDPE  insulation has  a much   lower  DTA  induction 
time than solid HDPE insulation when evaluated in the 
presence of copper.    Also,   120oC  oxygen uptake data 
shows expanded HDPE insulated wire  to be inferior  to 
solid HDPE  in thermal stability.     These above findings 
can be well  supported by  our results which shew that 
expanded HDPE insulation   is   less  stable than solid 
HDPE insulation.    The actual cause  of  lower stability 
of expanded HDPE  Insulation or  the mechanism of 
chemical changes,   if any,   is unknown.    However,  one 
may postulate that  the   lowered  stability of HDPE  in- 
sulation may be due to the  interaction of  free radi- 
cals,  generated by  the  blowing  agent,  with the 
polymer or with the antioxidant  in an oxidizing mode 
and thereby introduce oxidation  initiators and/or re- 
duced the antioxidant concentration.    It  is also con- 
ceivable that trace decomposition products of the 
blowing agent could serve as  oxidation initiators. 

Previous work    has  shown that  the  decomposition of azo- 
dicarbonamide at  190oC  in paraffin  oil yielded 347. 
gaseous products,  277= urazol,   347. biurea and 57= 
cyanuric acid.    It is not  entirely clear what effect 
the residual  solid  by-products would have  on  the 

thermal  stability of expanded HDPE  insulation,   but  it 
has been suggested that they may also contribute  to the 
instability  of  cellular HDPE.1 

EXPERIMENTAL 

PREPARATION OF COPPER SCREEN  LAMINATES 

Procedure A 

Procedure B 

The  specified  stabilizer  system  plus 
0.17= dioctylphthalate,  0.57= zinc  oxide 
and  0.57= blowing agent were incorporated 
into a minimally stabilized wirf grade 
high density polyethylene  (DuPont  5496) 
by milling on a two-roll mill at   1490C 
(300^)  for 5 minutes.    The milled  stock 
was cut into 25 gram pieces,  placed in a 
10.2 cm x 10.2 cm x 0.32 cm (4" x 4" x 
0.120") mold and heated in a compression 
mold at 2320C (450oF) for 5 minutes to 
effect blowing of the resin.    The  foamed 
resin was remilled at  1490C  (SOC'F)  for 
5 minutes to remove the cell structure 
and  the void-free stock was compression 
molded at  1930C  (380ÜF)  into void-free 
0.03 mm (10 mil)  thick films.    The copper 
screen  laminates were prepared by com- 
pression molding clean copper screen 
between two 0.03 cm thick polyethylene 
films at  1930C  (380°?)  for 3 minutes. 

The specified stabilizer system  (0.17. 
Antioxidant-1 + 0.17= MDA-1)  and  in- 
dicated decomposition product were in- 
corporated into a minimally stabilized 
wire grade high density polyethylene 
(DuPont 5496)  by milling on a two-roll 
mill at   1490C  (300°?)  for  5 minutes.  The 
milled stock was compression molded at 
2320C  (450°^)  for 5 minutes,  re-milled 
as  above and compression molded again at 
1930C  (380°?)  into 0.03 mm (10 rail)  thick 
films as indicated  in Procedure A above. 
The copper screen  laminates were  prepared 
by compression molding clean copper 
screen between two 0.03 mm thick poly- 
ethylene films at   1930C  (380^)   for 
3 minutes. 

PREPARATION OF  INSULATED WIRE SAMPLES 

Initial Compounding:    The specified stabilizer  system 
plus   17= titanium dioxide were dry blended  into a 
minimally stabilized wire grade high density poly- 
ethylene  (DuPont  5496) and extruder compounded at 
1990C   (390^)  to yield pellets approximately 3 mm in 
diameter  by 3  mm  long. 

Solid  HDPE  Insulated Wire:     The  pellets   obtained  above 
were extruder coated onto 22 AWG copper wire  using a 
25 ram  (1")  24:1  L/D extruder equipped with a constant 
pitch gradual transition metering  screw and a wire 
coating crossh.^ad. 

The crosshead  temperature -J254
0

C  (490^) was  maintained. 
The  speed of the wire coating  line was  39 meters  (130') 
per minute.    The wire was pre-heated using a hot air 
gun at  260oC  (500oF)  to assure adequate adhesion.    The 
thickness  of the  solid HDPE insulation was 0 35 mm 
(14 mil)  thick. 
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Expanded HDPE Insulated Wire:     The pellets obtained as 
above were dry blended with O.57o Gelogen AZNP-130 and 
extruder coated  onto 22 AWG copper wire using thn same 
extruder as described above.     The wire coating cross- 
head was maintained at  210oC   (410oF)  and  197 kg/cm2 

(2800 psi)  pressure.    The speed of the wire coating 
line was 27 meters  (90') per minute.     The copper wire 
was preheated using a gas  flame to assure proper ad- 
hesion.    The cellular coating on the wire was 0.35 mm 
(14 mil)  thick. 

TESTING PROCEDURES 

Differential Thermal Analysis;    Circular samples of 
copper screen  laminates  or  short  length of wire which 
could be easily  fitted into the DTA dishes were cut in 
a reproducible method.    The  samples were placed in 
aluminum pans, positioned  in the cell and heated to 
200oC under nitrogen.    Oxygen was Introduced when the 
samples equilibrated at 200t'C aad the  time to exotherm 
was measured.    The results wero run  In duplicate. 

Petroleum Jelly Exposure:    Wire samples 30 cm (12") 
long were dipped into Witco  13C petroleum Jelly main- 
tained at  1150C  (239°?)  for  one second.    The samples 
were oven aged  for  10 days  at  70oC   (158°?), wiped  free 
of all petroleum Jelly and  formed into pigt  ils. 

Oven Aging at  120oC  (248°?);     The copper screen 
laminates or pigtailed wire  samples were oven aged at 
120oC  (2480F) and visually examined dally for embrit- 
tlemtnt,  cracking or decomposition.     The failure times 
are based on the results  of  five replicates. 

DISCUSSION 

In the first phase of this  study,  an attempt was made 
to isolate the chemical effect(s)  of blowing agents on 
the performance of selected stabilizer systems from 
the physical factors which could effect  the thermal 
stability of cellular  Insulation,  e.g.,  cell struc- 
ture, percent voids,  uniformity of cell size,  and also 
from the effect  of petroleum jelly exposure.    This was 
accomplished by milling the additives  In HDPE, blowing 
the resin under controlled conditions,   removing the 
cell structure by milling a second time and then pre- 
paring copper  screen  laminate samples.    The differen- 
tial thermal analysis  (DTA)  data in Table 4 indicates 
that the use of 0,57s of reagent grade  azodicarbonamide 
as a blowing agent reduces  the DTA Induction time. 
Interestingly,  all blowing agents evaluated, gave very 
nearly the same DTA value, which was  considerably 
lever than the DTA tlitei for the samples containing 
no blowing agent  (Table 5).     The reduction in the DTA 
induction times does not appear to be restricted to 
azodicarbonamide compounds  since the  same effect was 
also observed with sulphonylhydrazldes  or hydrazlde 
based blowing agents as well. 

Earlier publications    suggested the  solid decomposi- 
tion by-products of azodicarbonamide could be respon- 
sible for the reduced thermal stability of cellular 
insulation.    However,  the data in Table 6 suggests 
that these products have  little effect  on thermal 
stability as measured by oven aging at  120oC, when 
evaluated signly and  in the absence  of any blowing 
agent.    An additional point  suggesting  that the de- 
composition products are not  significant is the ob- 
servation that sulphonylhydrazide based blowing agents 
have the srme effect as azodicarbonamide but do not 
yield the  same solid by-products. 

The adverse  effects  of azodicarbonamide on the thermal 
stability of the copper screen laminate samples  can be 
compensated  for by Increasing the antioxidant concen- 
tration as   shown  in Table 7.    In this  instance,   the ad- 
dition of  0.1% Antloxldant-1 to the  initial system con- 
taining 0.1% Antioxldant-land 0.1" MDA-1 doubled  the DTA 
induction  time and was comparable  to the control con- 
taining no azodicarbonamide.    Increasing the antioxi- 
dant concentration to 0.3% more than tripled the DTA 
induction  time compared to V'.e original value of 25 
minutes. 

The second  phase  of this study involving wire prepared 
in-house again showed the detrimental effect of azodi- 
carbonamide  on both DTA induction time anrt  oven aging 
life-time at  120oC,    The data presented in Table  8 
show a very close correlation with  the results  ob- 
tained earlier using the copper screen laminates. 
Again the  thermal stability of the cellular insulation 
is  about  one-third  that of the solid  insulation and 
that the  DTA Induction time can be  improved by increas- 
ing the antioxidant  concentration.    The sample of  com- 
mercially prepared wire which was included in this 
study was  considerably less  stable  than any of the 
samples prepared  in-house.    This wire has not been 
characterized  in terms of stabilizer system,  blowing 
agent,  etc.    The  performance of MDA-1 alone as both 
antioxidant and metal deactivator appears  to have 
special merit. 

Present indications  suggest the use of cellular Insula- 
tion Hili   e- restricted to petroleum jelly filled 
cables.     Pi ivious work has shown the thermal stability 
of either  solid  or cellular insulated wire was  reduced 
when the wires were exposed to petroleum jelly.     This 
was also observed  in this program as  shown in Table 9, 
The two main points  to be derived from the data  in 
Table 9 are  (1)  cellular insulation is  less stable 
than solid  insulation and (2) exposure to petroleum 
jelly reduces thermal stability.    The use  of higher 
levels of antioxidant  improves the  stability of the 
system both before and after petroleum Jelly exposure. 
The use of 0.2% MDA-1 appaars to offer a good alterna- 
tive to the present two component  systems  (antioxidant 
+ metal deactivator). 

The concentration/performance profile  for MDA-1 pre- 
sented in Table  10 indicates that 0.2% Is a very viable 
concentration  level, while 0.1% MEA-1 is probably too 
low a concentration to be useful. 

In the course of this study, many other stabilizer 
systems were evaluated by both DTA and oven aging  at 
120oC and  the  failure times are plotted In Figure   i. 
An analysis  of these points using a  least squares 
linear equation shows there is a very poor correlation 
between these two tests.    The full Implications   of 
this  observation have not been investigated,  but  it 
would suggest that DTA Induction times for new stabili- 
zer systems should not be the sole criteria for  evalua- 
ting a new stabilizer system, 

CONCLUSIONS 

1. The thermal stability of high density polyethylene 
insulation is  reduced when a blowing agent  is  added 
to the system. 

2. The adverse effect of the blowing agent on the 
thermal stability of cellular HDPE can be overcome 
by using higher  levels of antioxidant. 
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3. The use of MDA-l alone, at about  0.27.,  offers a 
viable alternative to the present two component 
stabilizer systairs and appears to be less sensi- 
tive to petroleum jelly exposure than the two 
component systems. 

4. The use of DTA Induction time do?> not appear to be 
a viable method for edtimating the performance of 
new stabilizer systems and other  tests  should be 
used to establish performance. 
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ADDITIVES USED IN THIS  STUDY 

Antioxidant 1:    Tetraki8/methylene-3(3,,5'-di-tert- 
buty 1-4-hydr oxypheny 1) pr oplonat e / 
methane. 

Antioxidant 2:    Thiodiethylene bl8(3t5-di-tert-butyl- 
4-hydr oxy)hydrocinnamate. 

MDA 1: N,N'-Bi8(3,5-dl-tert-butyl-4-hydroxy-hydro- 
clnnamoyl)hydrazlne. 

MDA 2: N.H'Dlbenzal oxalyldlhydrazide. 

Blowing Agent 1 

Blowing Agent 2 

Blowing Agent 3 

Blowing Agent 4 

Blowing Agent 5 

Blowing Agent 6 

Blowing Agent 7 

Pic el EP-A 

Picel EP-D 

Gelogen AZ-130 

Gelogen AZNP-130 

Gelogen AZ-199 

Gelogen CB 

Gelogen RA 
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Table 1 

Effect of Copper on DTA Times of Experimental 
Expanded and Solid HDPE Insulations1 

Samples 

Solid HDPE/O.n IRGANOX  1010/0,17. 0ABH 

Expanded HDPE/0,17. IRGANOX 1010/ 
0.17, OABH/0.87. Ficel 

Expanded HDPE/0.17. IRGANOX 1010/ 
0.17. OABH/0.67, Kempore 

* Average of 3 Samples 

1 - M.  Robinson,   Society of Plastics 
Engineers,  Technical Papers, 
Vol. XXI,   390 (1975). 

t* AL, Min. 
Conductor In 

30 

5 

15 
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Table 2 

Hours to Failure for Petrolatum Treated Wires 
 Exposed to Oxygen at  120oC 2  

Petrolatum Treated 

Witco #12 +    Wltco #12 + 
Untreated        0.27. AC B        0.27. AO C 

Solid 
High Density 
Polyethylene 

Cellular 
Expanded 
High Density 
Polyethylene 

1886 

872 

616 

102 

814 

504 

B.  D. Gesner and R.   J, Harmel, 
Society of Plastics Engineers, 
Technical Papers,  Vol. XXI, 
286  (1975). 

Table 3 

Decomposition of Azodlcarbonamide 

0 0 
" II 

1. H2NC-N-N-CNH2 

0       0 
M II 

2. 2 H2NCS-N-Cira 

N2 + C +  (NH2CONH2<->HNCO + NH3) 

0        0 
11 11 

H2NCNHNHCNH2 + N2 +  2 HNCO 

The non-gaseous fragments of the decomposition of the 
azodlcarbonamide recomblne to form-the following 
identified compounds: 

0 

m C 0    NHCONH2       \      J> "V, y*" 

Biurea        Cyanielide Cyanuilc Acid 

Table 4 

Effect of Blowing Agent on Thermal Stability of 
Copper Screen Laminates  (No PJ Exposure) 

200oC DTA Induction 
Time*  (Min.) 

Stabilizer System 

0.17. Antioxldant-1 
+ 0.17. MDA-1 

0.17. Antioxldant-1 
+ 0.17. MnA-2 

0.17. Antioxidant-2 
+ 0.17. MDA-l 

0.17. Antloxldant-2 
+ 0.17. MnA-2 

No 0.57. 
Blowing      Azodlcarbonamide 
Agent (Reagent) 

60 25 

34 25 

48 19 

30 18 

* Averages of two replicates 

Table 5 

Effect of Various Blowing Agents on 200% DTA 
Induction Times  for HDPE - 

Copper Screen Laminates8)  (No PJ Exposure) 

0.17. Antloxidant- 1 + 0, 17. MDA-l 

200oC DTA 
Induction 

Time1») 
(Minutes) 

No Blowing Agent 60 

Azodlcarbonamide (Re agent Grade) 25 

Blowing Agent  1 13 

Blowing Agent 2 19 

Slewing Agent  3 24 

Blowing Agent 4 21 

Blowing Agent  5 25 

Blowing Agent 6 26 

Blowing Agent  7 26 

a) Prepared by Procedure A 
b) Averages  of two replicates 

Table 6 

Effect of Solid Decomposition Products  of 
Azodlcarbonamide on Thermal Stability 

of Copper Screen Laminates8) 

0.17. Antioxida 
0.17. MDA-l + 

nt-1 + 
Hours to 

Embrittlementb) 
at 120oC 

None 240Of 

0.257, Urazol 2400f 

0.257. Biurea 2400f 

0.257. Cyanuric Acid 2400f 

a) Formulation does not contain 
dioctylphthalate or zinc oxide. 

b) Averages of two replicates 
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Table 7 

Effect of Increasing Antloxldant Concentration 
on Thermal Stability of Copper Screen Laminates8) 
 (No PJ Exposure)  

Stabilizer System 

0.1% Antloxldant-1 + 
0.17. MCA-1 

0.17. Antloxldant-1 + 
0.17. MDA-l 

0.27. Antloxldant-1 + 
0.17. MIÄ-1 

0.37. Antloxldant-1 + 
0.17. MDA-l 

200oC DTA 
Induction Time6) (Mln.) 

60 (No B.A.) 

25 

55 

83 

a) Prepared by Procedure A 
b) Averages of two replicates 

Table 8 

Effect of Blowing Agent on the Thermal Stability 
of HOPE Insulated Wire 
 (No PJ Exposure)  

Table 9 

Effect of Blowing Agent on Thermal Stability 
 of Cellular HDPE Insulated Wire 

Hours to Failure* 
at  120oC 

No PJ PJ 
Exposure      Exposure Stabilizer System 

0.17. Antloxldant-1 +)  Solid 
0.17. MDA-l )  Cellular 

0.17. Antloxldant-2 +)  Solid 
0.17. MDA-l )  Cellular 

0.17. Antloxidant-1 +)  Solid 
0.17. MDA-2 ) Cellular 

0.27. Antloxldant-1 +) „  ,,   , 
0.17. MDA-l ) Cellular 

0.27. MDA-l )   Solid 
) Cellular 

Commercially 
Prepared Wire 

2930f 
1904 

2930*- 
1963 

2930^- 
2030 

2520 

2930f 
2904 

890 

200oC DTA Induction Time* 

Stabilizer System 

0.17. Antloxldant-1 + 
0.17. MDA-l 

0.17. Antioxldant-2 + 
0.17. MDA-l 

0.27. MDA-l 

Commercially 
Prepared Wire 

Cellular 

* Averages of five replicates 

Table 10 

2550f 
1464 

2550f 
1100 

1848 
955 

1896 

2530f 
1704 

456 

Solid 
Insulation 

Cellular 
Insulation 

21 

Concentration/Performance 
MDA-l In Cellular HDPE 

Profile for 
Insulation 

62 
Stabilizer 
System 

Hours to Embrlttlement* at  120oC 

No PJ Exposure             PJ Exposure 

59 15 
0.17. MDA-l 1382 898 

Not Tested 27 0.27. MDA-l 2904 1704 

Not Tested 5 0.37. MDA-l 2930f 2469 

* Averages of five replicates 
* Averages of two replicates 
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FIGURE  1 

Correlation Between Induction lime at 2QQQC and 
Oven Aging Failure at  120 C 

2000 4000 

«nitpg TO nVF.N FAILURE AT 120oC 

6000 7000 
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THE  BARE  BASE  ELECTRICAL SYSTEM 

JOHN  E   (JACK)   WIMSEY 
USAF  Ground Equipment SPO 

Aeronautical Systems Division 
Wright Patterson Air Force Base Ohio 

ABSTRACT 

The Air Force Bare Base program amounts  to 
an instant,  do-it-yourself Air Base,   deploy- 
able  anywhere in the world.     It provides  the 
air mobile equipment and facilities  for 
operation of five squadrons,  up to 4500 men, 
in  72 hours.    The Bare Base electrical system 
is  the  first known air mobile system having 
high voltage generation and transmission 
(primary)   and a transformed low voltage 
(secondary)   distribution at the using points. 
It features a "hard wire"  equipment safety 
grounding conductor from the generator to 
th"> very  last piece of using equipment.    The 
primary or high voltage portion is  4160V, 
three phase-three wire-grounding 60Hz and the 
secondary or low voltage portion is  120/208V 
three phase-four wire-grounding-60Hz.     This 
electrical system meets all requirements of 
the National Electric Code and OSHA for 
mobile  systems and equipment.     It provides 
maximum standardization of equipment and 
operation while providing maximum flexibility 
of  layout and capacity.     There are practi- 
cally no fixed distances  in the  layout.     Two 
lengths  of one size cable and one  length of 
a second size cable replaced 14  sizes  and 
over  67  lengths of cables previously used. 
The  system utilizes approximately 98 miles 
of  high voltage cable;   9 3 miles of   60-amp  4 
conductor  type G secondary cable;   20,550 
60-amp  connectors;   0.4 miles of  200-amp  4 
conductor type G secondary cable;   and  412 
200-amp connectors.     The  cables are  all  in- 
dustry standard,  and the connectors  are 
military standard. 

INTRODUCTION -  BARE  BASE 

The Air Force Bare Base Program amounts to 
an instant,  do-it-yourself air base deploy- 
able anywhere in the world.    The concept of 
a  "Bare Base"  is not new.    The Air Force has 
had to operate from essentially unprepared 
sites  in every conflict.    We then put in a 
massive  and expensive effort to construct or 
upgrade  the facility to minimum livability. 
This has  left concrete and steel monuments 
to our  construction skill many places  in the 
world. 

Over   the years,  the aircraft,   armament and 
support equipment was becoming increasingly 
more  complex,  requiring more highly skilled 
personnel and greatly increased standards 
for operations, maintenance and housekeeping. 
Rapid deployment of these sophisticated 
systems  to remote areas of the world,   for 
limited periods of time, was envisioned 
more and more as a necessary capability. 
The DOD budgets would no longer permit large 
expenditures for construction of convention- 
al facilities in a foreign land which would 
be used for a short period of time and then 
abandoned.    The earlier attempts  to provide 
air mobile facilities were unsuccessful. 

With these  considerations,   in 1965,  a new 
program was   initiated to develop an air mobile 
system for  support of modern 'ractical fighter 
aircraft.     It was designated tne Bare Base 
Program because of the proposed use of  "Bare 
Bases"  throughout the world -  for build-up 
into complete tactical operating installa- 
tions.     The  system was  to rotate Newton's 
Law -  "What goes  in,   comes  out". 

The Bare Base  concept starts with runway, 
aircraft parking area,   a source of water,   and 
nothing else  as  shown in Figure 1.    Over  1000 
sites meeting these criteria exist all over 
the world.    The Bare Base Equipment System 
provides the relocable,   air transportable 
equipment and facilities  to convert this 
site into a fully functioning air base sup- 
porting operational missions within 72 hours 
of the  first cargo aircraft touchdown as 
shown in Figure  2.     It has a capacity for 
Five Squadrons and 4500 men.     The system pro- 
vides everything from "Abodes to Commodes", 
i.e.  shelters,  utilities,   environment 
control,  vehicles, medical,   food service  and 
airfield lighting.     The  system is a flexible, 
building block type which can be varied 
according  to the  location where it is to be 
deployed,   the mission to be performed and 
duration of  the deployment.     The Bare Base 
Equipment may be  used globally,   in all 
seasonal environments and related climatic / 
conditions within the  temperature range of      / 
minus  250F  to plus  1250F.     All equipment is 
designed for transport  in C-130 aircraft. 
It may  also be  transported by truck,  rail 
ship. 

/ 
The backbone of the Bare Base Equipment / 
System is the four standardized shelters 
shown in Figure  3.    The base of all tjie 
shelters or their shipping container/ forms 
a 463L Pallet for use  in the 463L Materials 
Handling System   (Aircraft Roller Conveyor 
Materials  System).     Approximately' 1000 shel- 
ters,   in various  combinations are used for a 
full Five Squadron Deployment./ 

BARE  BASE  ELECTRICAL  SYSTEM  / 
/ 

An Air Mobile Electrical System meeting  the 
requirements  for Bare BasA did not exist. 
If 120/208 Volt Diesel Engine Generator  Sets 
were used,   a fully deployed Bare Base would 
have required over  250/-200  KW sets.    At an 
airlift capability of/four per C-130  aircraft 
load,   this  approach !Vas  quickly discarded. 
The only  2400/4160 Volt  Generators  in exist- 
ence were beyond airlift capability of  any 
aircraft.     The Ba^e Base Program therefore 
designed the  following  system: 

System Descripti/on. 

The Bare Base e/lectrical system is an air 
mobile systsm having high voltage generation 
and transmission   (primary)   and a transformed 

/ 
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FIGURE 1,    BARE BASE SITE 

low voltage   (secondary)   distribution  at   the 
using  points.     It  is   the  heart  and  blood 
supply  of   the  Bare  Base.      It   features   a 
"hard wire"   equipment  safety  grounding   con- 
ductor   from  the  generator   to  the  very   last 
piece   of  using  equipment.     The  primary  or 
high  voltage  portion  is   4160V,   three  phase- 
three wire-grounding-60Hz  and  the  secondary 
or   low  voltage  portion   is   120/208V,   three 
phase-four wire-grounding-50Hz.     This 
electrical  system meets   all  requirements   of 
the   National  Electric  Code   and  OSHA  for 
mobile   systems  and equipment.     The   Bare   Base 
electrical  system consists   of   the   following: 

a. High  voltage  generators 

b. Primary  Distribution  System   (High 
Voltage)   consisting of: 

1. Power distribution  and  control 
stations  known  as  contactor  control   cubicles 
(CCC) 

2. Primary  power  distribution   cables 

3. Primary  Power  Cable   Reel   Pallets 

c. Secondary  Distribution  System   (Low 
Voltage)   consisting  of: 

1. Transformer/Distribution boxes 
known  as   secondary  distribution  center   (SDC) 

2. Mission  Essential  Power  Genera- 
tors   (MEP) 

3. Secondary  Power  Cable Assemblies 

4. Mission  Essential  Power   (MEP) 
Cable  Assemblies 

d.     Remote   area   lighting   sets   (RAL) 

The  Bare   Base  electrical   system is  diagrammed 
in  Figure   4.     An  examination  of   this  diagram 
shows   that  although   the  generators  are   three 
phase   2400/4160V,   wye-connected,   the  power   is 
transmitted   in  delta  using   only  the   4160V 
portion  to   the  primary  side  of  the  SDC.     A 
further  examination  of   the   diagram shows   that 
the  equipment  safety  ground   is  continuous 
frjm  the   generator   through   to  the   last  piece 
of   using   equipment   in  a   shelter.     Note   that 
ground  rods  are  used  only   at   the  generators, 
CCCs   and  SDCs.     Studies  have   shown  that 
additional   ground   rods  do   not  provide   addi- 
tional   reliability,   and  since   this  Bare   Base 
electrical   system  is  designed  for world-wide 
operation,   this   "hard wire"   grounding  pro- 
vides   the  highest  possible  degree  of  safety 
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BARE BASE SYSTEM 

LEGEND: 

1 Refueling    Site 

2 Hospital 
3 Personnel    Shelters 

4 Aircraft    Hangar 

5 General    Purpose 

Shelters 
6 Maintenance    Shelters 

7 Billets 

8 Food    Service    Complex 

9 Base    Maintenance 

Vehicles 

10 Latrine 
11 Electrical    Power 

Generation 

12 M-Series    Vehicles 

13 Water    Plant 

FIGURE 2 - BARE BASE EQUIPMENT DEPLOYED 
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BARE BASE SHELTER SUMMARY 
SHELTER PICTURE 

SHIPPING EXPANDED 

xxruiDULe PEUSUNNEL SHCLTT.« 

/TIT 
irr 

11 IK 

11  TO 1  rXPMiSlOÜ  KATIO 

3 TO 1  tXfmSION  PATIO    
GTKTRM.  rURPOSB SHEU'tR 

AIRCAATT BANGM 

CONSTRUCTION 

KiirandaH;»  Wall   - 
Polyvin/l  Oilorl«!« Ccat*d 
Vxtft. Paijcrboaid Sar.dwlcrt 
With a  Urathaita  Foa» Cor* 

End Wall» - riberglaaa 
Sk,ina With Xinpreqnatod 
Balaa Core 

Canter Section t  T\°ot: ' 
I/fl* AlufainiuB äVlh.^Tapar 
Honeycoob Cora SAtidwlch 
Panel 

Wgill»,   Ceillnt;!.   t  Floota 
T/l' Wuminun SRine/Papdr 
Honnyconb or  Po*a Cor« 
Sandwich 

Modular Daaliri 
Double Mlnoed Muainua 

Beams 
Panelf - 1/1* Aluninu» 
Skin Kith Paper Honey- 
coab Core Sandwich 

Saae aa General Puxpoe« 
Shelter with Inter- 
change«tole Perta 

FUNCTION 

Adnlnlitration 
Otfico 

Pood Preparation 
t  Storage 

Hi rcrew Uart 

Aircrew operations 

Aircraft Halnten- 
ance.Baae Kainteo- 
ance 

Kitchen 

Latrine 

Storage 

Laundry 

Dining Hall 

Chapel 

Brl*flng Facility 

AGE Maintenance 

Aircraft Mainten- 
ance 

Weapon« Loading 

Jet Engine Shop 

Vehicle Mainten- 
ance 

WEIGHT 

B^>ty-2i90t 

Payloed-ISQOI 

Btpty-40001 

Peyload-BSOOl 

Total-12fS00l 

tepty-10,000» 

Payloed-0 

Total- lo.ooo« 

tepty- I6,ooo# 

Payload-0 

Total- 34.00M 

REMARKS 

Airlift- 
9  Per C-130 

The  Baae of 
1  Sheltere 
For« A 46JI, 
Pallet 

Airlift 
3  Per 
C-130 

Base Xa a 
463L Pallet 

. Mhiijplng 
Ccntalnar 

Airlift - 
1 Per 443L 
Pallet 

4 per C-130 

Airlift - 
I Per C-130 

4 Shlpp.n« ' 
Comaknsrt 

Conialnen 
Vorrr, Entian- 

ERECTION 

TIME 

300 Mtnhouii 

FIGURE 3. 

in installation and use for a mobile elec- 
trical system.    The primary portion is  shown 
in Figure  5  and the secondary portion is 
shown in Figure 6.    There are no fixed 
distances  to the system,   it can be varied to 
fit any site.    The Bare Base Electrical 
system is  capable of accepting 4160V base 
or commercial power at the CCC's or SDC's. 
The SDC's  can also accept 120/208V-three 
phase-4 wire-60Hz power and distribute to 
the shelters or using equipment.    The Bare 
Base Electrical System as well as all Bare 
Base equipment used standardized terminal 
identification and wire color coding as 
follows: 

Gen. 
Term.       Term. Cond- 
Mark-      or uctor 
ing Contact Circuit 

Wire 
Color 

G 

(or Gnd) 

Phase A 

Phase B 

Phase C 

Neutral 

Safety 
grounding 

Black 

Red 

Blue 

White 

Green 

High Voltage Generators 

The generator sets   (Figure 7)   are  750KW, 
2400/4160V,   three phase-four wire-60Hz gas 
turbine engine sets which are wheel mounted. 

The sets are 96 inches wide,   9 8 inches high, 
241 inches  long and weigh 19,700 pounds. 

The sets come complete with switch gear, 
controls,  output power conductors   (high 
voltage)   and fuel hoses.     The  sets are pow- 
ered by a continuous duty JP  or diesel 
fueled gas  turbine engine.     The sets are 
fully enclosed, with weatherproof access 
panels to all areas.     Each set is capable of 
operation under autonomous  local or remote 
control,  or units may be operated in 
multiples of two or more under local or 
remote control.     The generator sets may be 
connected singly or in multiples of up to 
four to a common external fuel supply using 
a specially provided fuel manifold connec- 
tion.    The generator sets  are connected to 
the electrical system through  the CCCs using 
three separate 5KV,   cross  linked polyethylene 
(XLP)   insulated  #1/0  copper power conductors 
and one insulated #2  copper grounding con- 
ductor.    The power and grounding conductors 
are stored in the generator sets for deploy- 
ment and are installed manually.    Although 
not shown in Figure 4,   for parallel operation 
of two or more sets,   it is  normally required 
for stability that all of  the generator 
neutrals be  connected together with 5KV 
insulated #1/0 wire.     The generator sets are 
towable by most Bare Base vehicles.    The 
generator sets are air  transportable in a 
C-130 aircraft and are  type designated 
A/E24U-11.     Five to eight generator sets pro- 
vide the power  for a  4500 man base without 
air conditioning.    Fifteen  to eighteen gener- 
ator sets  are used when the base is air 
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BARE BASE ELECTRICAL SYSTEM 

[Shelter (Typ.)| 

Grd Rods 8* 
MIL-R-11461 
Type 2, Style 
(Typical) 

I 
| 

REV FEB 75 JW 

FIGURE 4. 

conditioned. 

Primary Distribution System 

The Primary Distribution System controls and 
transmits the 4160V power from the genera- 
tors to the Secondary Distribution System as 
shown in Figure 5.  It consists of the 
following components: 

1.  Contactor Control Cubicle.  The con- 
tactor control cubicle (CCC) Figure 8 is a 
skidmounted, 4160V, three phase-three wire- 
60Hz power distribution and control station. 
The cubicle is 108 inches wide, 95 inches 
high, 45 inches deep and weighs 6340 
pounds.  Each CCC is equipped with four each 
fused three-phase contactors (electrically 
operated high voltage switches), connected 
to a common bus.  Each end of the bus is 
provided with a mechanical disconnect switch. 
Each contactor is equipped with a relay to 
clear ground faults in the high voltage 
(primary) distribution system.  Each con- 
tactor is provided with terminals for 

connection of generators and/or primary 
distribution cables.  For direct access to 
the bus, two sets of terminals are provided 
at each end.  Contactors and the bus termin- 
als may be used as power inputs or power 
outputs, permitting adaptation to local Bare 
Base requirements.  The operator's station 
is tent protected.  Numerous interconnection 
combinations are possible for power transfer 
between generators, CCCs commercial power 
sources, and Bare Base loads.  Two control 
panels removed from generators may be 
mounted in a CCC:  CCC panels are removable 
and may be installed with generator control 
panels in a separate equipment rack for 
remote operation.  See Figure 9.  The 
equipment rack is 85 inches wide, 70 inches 
high, 30 inches deep and weighs 850 pounds. 
An equipment rack will hold up to four 
generator and two CCC panels.  For air trans- 
portability, one CCC fits a 463L pallet with 
capacity left for one equipment rack or 
other items.  Two equipment racks will fit 
a 463L pallet. 
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750 KW 
GEN ^ 

SDC   1 

- cnf 1 
750 KW 

GEN 

CCC u—r 
SDCJ 

s SDC    | 

750 KW 
GEN 

^s' 

CCC <? SDC 

^ 
soc 1 

CCC SDC 
^ 

FIGURE 5. PRIMARY HIGH VOLTAGE GENERATION/TRANSMISSION SYSTEM. TYPICAL LAYOUT 

MISSION 
ESSENTIAL 
GENERATOR 

"| 
I WATER DISTRIBUT1UN                           | 

AIRFIELD  LIGHTING  SYSTEM          1 

REMOTE AREA  LIGHTING  SYSTEM 

HOSPITAL 

■^ 

SHELTERS 

i    1 
\ 

AIR 
1 CONDITIONING HEATERS 

AIR 
CONDITIONING 

t          _ 
" 

ftWlittKO 

FIGURE 5.    SECONDARY LOW VOLTAGE DISTRIBUTION SYSTEM COMPONENTS AND INTERFACES 
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FIGURE 7.   BARE BASE 750KW GENERATOR 

2.  Primary Distribution Cable. Primary 
distribution cables (high voltage) are used 
for transmission of power between decs and 
the SDCs. The original primary cable 
procured consisted of four separate #1/0 
aluminum conductor cables rated 5KV and us- 
ing cross linked polyethylene (XLP) insula- 
tion. Three are used as phase conductors 
and the fourth was used as a grounding 
conductor.  These have been abandoned. The 
primary cables now provided consist of 
three separate #1/0 aluminum conductor 
cables rated 5KV, with XLP insulation and 
having a 1/3 concentric neutral serve.  See 
Figure 10.  The three conductors are used as 
the phase conductors and the three concen- 
tric neutrals are paralleled to serve as the 
equipment safety ground (also called the 
grounding conductor).  If the deployment is 
for less than 30 days the primary cable may 
be left on top of the ground and would be 
removed on pull-out.  For longer deployments 
and other special conditions, the cable is 
buried 18 to 24 inches deep. Buried cable 
is abandoned upon pull-out as cable damage, 
recovery effort and electrical checkout 
make it uneconomical to consider. 

3.  Primary Cable Reel Pallets.  Pri- 
mary cable reel pallets (see Figure 11) 
which are essentially cable reeling machines 
are  used for storing, transporting and pay- 
inc: out of the primary cables.  The cable 
reel pallets hold three reels, phase A, 
phase B and phase C for simultaneous payout. 
The cable reel pallets with reels are 
84 inches long, 54 inches wide, 54 inches 
high and weigh 5000 pounds. Each reel 
holds approximately 3800 feet of cable. 
Two cable reel pallets fit on one 463L 
pallet for air shipment.  For installation 
on deployments, the cable reel pallets are 

mounted on a truck, forklift or other con- 
veyance while cables are simultaneously 
payed out from all of the reels. When the 
end of a reel is reached, the cable is 
field spliced using standard commercial under- 
ground cable splices and the run is continued. 
If the cable has not been buried during the 
deployment, the cable reel pallets can be 
used for recovering the primary cable. 

Secondary Distribution System 

The secondary distribution system transforms 
the primary power to 120/208V - three phasy- 
four wire-grounding-60Hz power and distri- 
butes it to the various load centers.  It 
also provides Mission Essential power to 
critical loads. A typical load section of 
the secondary distribution system (Figure 6) 
is shown in Figure 12. 

The original concept as tried in "Operation 
Coronet Bare" in Oct 1969 had the shelters 
surveyed out around the secondary distribu- 
tion centers (SDC) .  The SDCs were sized to 
the load of the shelters.  When air condi- 
tioners were used, an additional SDC was 
required and the air conditioners were 
connected to it. The secondary cables were 
sized to the loads, and were cut to length 
for the particular grouping.  Fourteen dif- 
ferent sizes and 67 different lengths of 
secondary cables were used. This resulted 
in the SDCs and the shelters, or other load 
type equipment, being dedicated to a speci- 
fic grouping and having a very fixed loca- 
tion. Additionally, the secondary cables 
were wound on reels, the reels were numbered 
with the shelter and the SDC number and were 
then loaded on 463L pallets for airlift. 
Many aircraft loads of cable reels would 
arrive at a deployment and "Pandemonium 
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CONTACTOR CONTROL PANEL 
(REMOTELY  LOCATED) 

REMOTE CONTROL 
EQUIPMENT  RACK 

CONTACTOR 
CONTROL 
PANEL 

CHANGEOVER 
PANEL 

FIGURE 8.   CONTACTOR CONTROL CUBICLE 

GENERATOR CONTROLS 
MAY   BE   LOCATED AT: 

1. GENERATOR 

2. CCC 

3. EQUIPMENT RACK 

CCC CONTROLS MAY 
BE LOCATED AT: 

1. CCC 

2. EQUIPMENT RACK 

:IGURE 9.   GENERATOR AND CCC CONTROLS 
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HIGH VOLTAGE  CABLE 

STANDARD COMMERCIAL CABLE 

• 5000 VOLT UNDERGROUND DISTRIBUTION 

• 1/0ALUMINUM CONDUCTOR 

• 1/3 CONCENTRIC GROUND 

FIGURE 10. 

FIGURE 11.   PRIMARY CABLE REEL PALLET 
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SECONDARY  DISTRIBUTION  SYSTEM 

iPRilVlARY LINE (HIGH VOLTAGE) 

S-SHELTERS 

A/C-AIR CONDITIONERS 

FIGURE 12. 

Supreme" resulted with everyone looking for 
his particular cable reel. 

Another problem surfaced as a result of the 
"Coronet Bare" test - the connectors for 
the secondary cables.  The various shelters 
and equipment were being designed by dif- 
ferent contractors or agencies, where the 
designers had a choice of male or female 
connectors with either pint; or sockets. 
The end result was two male connectors, of 
the same manufacturer, facing each other or 
a male and female connector facing each 
other but both having sockets. The troops 
in the field soon fixed this by finding 
connectors that would mate, cut the cables 
and spliced them.  There was not enough 
electrical tape, so a new type connector 
was developed as shown in Figures 13 and 
14. The secondary distribution system was 
redesigned as follows: 

a. All new SDCs were standardized in 
size and MIL-STD-Class L connectors were 
used. 

b. Old SDCs were retrofitted with Class 
L connectors. 

c. All new shelters and equipment were 
provided with Class L connectors. 

d. All old shelters and equipment were 
retrofitted with Class L connectors. 

e. All old secondary cables were scrapped. 

f. New secondary cables were provided 
having two lengths in 60 amp 3 phase size 
and one length of 200 amp 3 phase size. 

g. Class L power receptacles were pro- 
vided on the shelters for the air condition- 
ers so that they could be connected to the 
shelter or when needed, to the SDCs. 

h.  A fifty and a hundred foot 60 amp 
cable was placed in each shelter. 

i.  Two fifty and four one hundred foot 
60 amp cables were stored in each SDC as 
spares. 
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FIGURE 13.   CABLE SPLICE - CABLE TIED AROUND STAKE. 

CONDUCTORS STRIPPED BACK - WIRES TWISTED TOGETHER 

FIGURE 14.   PEPSI-COKE CONNECTOR (MODEL 7UP) 

CABLE SPLICE USING SOFT DRINK BOTTLES AS INSULATORS 
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FIGURE 15.    150KVA SDC-OPERATING CONTROLS AND INDICATORS 

The revised secondary distribution system as 
shown in Figure 12 allowed the shelters to 
be set out by the forklift operator and 
required only one standard SDC even with air 
conditioning. The air conditioners were 
connected to the shelter unless the load 
exceeded 60 amps in which case spare cables 
from the SDC were used to connect the air 
conditioner directly to the SDC.  If a 
shelter was positioned too far from an SDC, 
one of the spare cables could be connected 
to the cables from the shelter and the power 
could be provided to that shelter. This 
revised system provided maximum flexibility 
as shelters and SDCs were no longer dedicated, 
there were no fixed distances, there were 
no misfits of connectors, and there was free 
airlift of the cables. Also the logistics 
of the cable assemblies was greatly reduced. 

The secondary distribution system now con- 
sists of the following components; 

1.  Secondary Distribution Center. The 
secondary distribution center (SDC), see 
Figure 15, is essentially a transformer/dis- 
tribution box where the 4160V, three phase- 
three wire-grounding-60Hz primary power (high 
voltage) is transformed to 120/208V, three 
phase-four wire-grounding-60Hz secondary 
power (low voltage) and is delivered to 
output receptacles through circuit breakers. 
See Figure 4. Although not indicated on 
Figure 4, each SDC has the capability of 
feeding primary power (high voltage) to two 
other SDCs as shown in Figure 5. The new 
150 KVA sizes SDC is a skid-mounted enclosure 
containing primary power (high voltage) input 
connections, the power distribution trans- 
formers and associated distribution circuitry 
and 16 Military Standard Class L 120/208V, 
three phase-four wire-grounding-60 amp 
receptacles. The SDC is 84 inches long, 

48 inches wide, 74 inches high and weighs 
5000 pounds.  The high voltage section of 
each SDC consists of three sets of three 
"load break" bushings, one for each phase. 
Each of the three primary cables plugs into 
a bushing by use of a molded elbow connector 
(load break connector). These elbow con- 
nectors can be easily installed in the field 
with standard equipment that is used by 
commercial power companies. One set of 
bushings feeds directly into the bus of the 
high voltage switch.  This set of bushings 
is used only for incoming power which can 
be disconnected at the source.  Each of the 
other two sets of bushings is connected to a 
"load break" portion of a high voltage 
switch. These two sets of bushings are nor- 
mally used for outgoing power to other SDCs. 
Parking bushings are also provided for each 
set of bushings.  The fused portion of the 
high voltage switch feeds the SDC transformer. 
The concentric neutrals (or grounding con- 
ductor) must be connected to the ground bus 
of the SDC. An SDC also contains a military 
standard Class L 120/208V, three phase-four 
wire-grounding-200 amp power input receptacle 
for receiving mission essential power (MEP) 
from MEP generators.  See Figure 6.  The 
MEP is required during Bare Base erection, 
dismantling and in case of primary power 
failure, to provide secondary power to 
critical loads essential to the Bare Base 
mission.  Special interlocks are provided so 
that either primary power (high voltage) or 
MEP (low voltage) can be fed into the SDC but 
that both cannot be fed in at the same time. 
Some older SDCs were procured in 45, 75, 100, 
112.5, 150 and 200 KVA capacity having from 
8 to 20, 60 amp power receptacles.  Two SDCs 
fit on one 4Ö3L pallet for air transport. 

2. Mission Essential Power Generators. 
Mission essential power (low voltage) Ti 
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CABLE   ASSEMBLY - I20/208V - 30 
4 WIRE - GROUNDING   60Hz  -     60 AMP 

RECEPTACLE 
MS90557C32412S 

, PLUG 
r_MS90556C32412P 

GLAND MS23747-2 

2   i 
CABLE GRIP MS90561-2 

CABLE, 4 #6 W/GROUND WIRES 
(25, 50. or 100'  LENGTHS) 

g COVER, RECEPTACLE 
MS90563-4C 

COVER, PLUG 
f1S90564-4C 

BLACK 

WHITE 

RED 
BLUE 

/ 

GREEN 

GREEN 

GREEN 

GREEN 

FIGURE 16.    SECONDARY CABLE ASSEMBLY 

FOUR CONDUCTOR TYPE G 

FIGURE 17. 
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12Q/20 8V» three phase-four wire-grounding- 
6QHz, 200 amp power delivered to the SDC by 
Air Force type MB-17 generators having 60 KW 
capacity.  DOD Model MEP-006A generators also 
rated 60KW may be substituted.  Both of these 
generator sets are diesel driven sets. The 
sets are approximately 87 inches long, 36 
inches wide, 59 inches high and weigh 5000 
pounds. The sets may be either skid-mounted 
or wheel-mounted. 

3. Secondary Power Distribution Cable 
Assemblies.  Secondary power distribution 
cable assemblies are used to connect the 
shelters and other equipment to the SDCs. 
The cable assemblies are standardized 50 and 
100 foot assemblies USAF 72284-50 and 72284- 
100 power cables. See Figure 16.  These cable 
assemblies use an industry standard safety 
cable known as 4 conductor type G where the 
grounding conductor is divided into four 
smaller conductors that are placed in the 
interstices of the power conductors so that 
mechanical penetration of the cable will 
result in a phase to ground fault before a 
phase to phase fault can occur.  See Figure 
17.  The 60 amp cable has four #6AWG (133 
strand) conductors with four #12AWG (37 
strand) grounding wires. Conductor insulation 
is vulcanized ethylene-propylene-rubber (EPR) 
or a blend of EPR and XLP, and the grounding 
wires are insulated with the same materials 
but are not vulcanized. The cable jacket is 
a double pass, fiberglass reinforced, chloro- 
sulfonated-polyethelene (Hypalon).  This is an 
industry standard cable for mine, quarry and 
construction use. The connectors used on the 
cable assemblies are the US Army ECOM devel- 
oped DOD standard MIL-C-22992, Class L, 
120/208V, three phase-four wire-grounding- 
60Hz, 60 amp connectors which are keyed for 
voltage, frequency and amperage and cannot be 
connected to the wrong power without a 
serious and deliberate attempt.  See Figures 
18 and 19.^ The connectors will mate with 
any 120/208V, three phase-four wire-grounding- 
60Hz, 60 amp equipment of Bare Base as well 
as any equipment of DOD using this same 
power and connectors. Cables are distributed 
for storage and shipment among SDCs, shelters, 
RALs and other equipment. 

4. Mission Essential Power Cable 
Assemblies. The Mission Essential Power 
Cable assemblies are used to connect the 
Mission Essential Generators to the SDCs. 
See Figure 20. The MEP cables are standard- 
ized 25 foot USAF 72303-25 power cables.  The 
MEP cables are constructed the same as the 
secondary distribution cables except that 
the conductors are four #4/0 AWG (427 strand) 
with four #4AWG (133 strand) grounding wires 
and the connectors are 200 amp Class L. The 
MEP cables are stored and shipped with the 
MEP generators. 

Remote Area Lighting Sets 

Remote area lighting sets, Figure 21, (RAL) 
are provided for dispersed area lighting. 
The sets are 84 inches long, 48 inches wide, 
48 inches high and weigh 2500 pounds.  Light 
fixtures, lamps, support poles, RAL cables, 
and electrical control equipment are all 

packaged in containers for storage and 
shipment.  Upon deployment, power is routed 
from SDCs to the RAL container with secondary 
distribution cables.  Four 375-foot RAL 
cables are routed from each RAL container with 
lights positioned on the container and 
twelve at 125-foot intervals along the RAL 
cables. Two lamp fixtures using 200 Watt, 
Self-Ballasted Mercury Vapor PAR-38 Bulbs are 
used on each pole.  A photoelectric cell 
and switches at the container control RAL 
operation. 

TOTAL BARE BASE ELECTRICAL SYSTEM 

The total equipment for the Bare Base Electri- 
cal System will provide for simultaneous 
equipping of one 4500 man deployment with air 
conditioning and one 4500 man deployment 
without air conditioning.  The equipment is 
summarized in Table I and the cables and 
connectors are summarized in Table II and III. 

CONCLUSION 

A representative sample of the Bare Base 
Electrical System was tested during April and 
May 1975 in connection with Gallent Shield's 
75 exercise. Other than some minor servicing 
problems with the High Voltage Generators, 
there were no other servicing problems and 
no failures of any part of the Bare Base 
Electrical System. 

The Bare Base Electrical System is an Air 
Mobile system providing maximum standardi- 
zation of equipment and operation while pro- 
viding maximum flexibility of layout and 
capacity. There are no fixed distances in 
the layout. The complete system, or portions 
of it are suitable for all Department of 
Defense ground equipment. Use of this 
equipment by the services would guarantee 
intermatibility anytime equipment from one 
service is required to operate with equipment 
from another service. This system is also 
adaptable for civilian use. 
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FIGURE 18.   MIL-C-22992 CLASS L CONNECTORS 

FIGURE 19.   STANDARD CABLE ASSEMBLIES USING CLASS L CONNECTORS 
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CABLE  ASSEMBLY - I20/208V - 30 
4 WIRE-GROUNDING   60Hx - 200AMP 

RECEPTACLE 
■MS90557C52412S 

_PLUG 
MS90556C52412P 

GLAND MS23747-18 

CABLE GRIP MS90561-I7 

4/#4/0 W/GROUND WIRES 
(25'  LENGTHS 

c COVER, RECEPTACLE COVER, PLUG 
' MS90563- UC MS90564-11C 
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FIGURE 20.    MEP CABLE ASSEMBLY 
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FIGURE 21.    REMOTE AREA LIGHTING SET (RAD 
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"■ 
BARE BASE ELECTRICAL SYSTEM EQUIPMENT 

GENERATORS 750KW 4160 VOLT 26 

CONTACTOR CONTROL CUBICLES (CCC) 14 

EQUIPMENT RACKS FOR REMOTE CONTROL 11 

CABLE REEL PALLETS WITH 3 REELS ON EACH 44 

SECONDARY DISTRIBUTION CENTERS (SDC) 

NEW TYPE 150 KVA 

RETROFITED OLDER TYPE 

MEP GENERATORS 60 KW  120/208V 

REMOTE AREA LIGHTING SETS 

66 

32 

94 

7 

im 
TABLE I 

BARE BASE ELECTRICAL SYSTEM HIGH VOLTAGE CABLE 

PRIMARY CABLE      5KV, #1/0 ALUMINUM WITH 1/3 CONCENTRIC NEUTRAL 

SINGLE CONDUCTOR 517,500 FT OR 98.01 MILES 

3-CONDUCTOR DISTRIBUTION LINES 172,500 FT OR 32.67 MILES 

TABLE II 

SECONDARY 
CONDUCTOR 

BARE BASE ELECTRICAL SYSTEM CABLE ASSEMBLIES AND CONNECTORS 

LE ASSEMBLIES      120/208V-3 PHASE-4 WIRE GROUNDING, 60HZ-60 AMP (CABLE-4 
TYPE 6) 

UäfilH 

50  FT 

100  FT 

25 FT EQUIPMENT CABLES 

TOTAL QUANTITY 

3135 

2979 

975 

CONNECTORS - 60 AMP 

MS90555   POWER RECEPTACLES 

LINE PLUGS 

CABLE RECEPTACLES 

AMOUNT OF CABLE USED 

163,020 FT OR 30.87 MILES 

303,858 FT OR 57.55 MILES 

26.325 FT OR 4.99 MILFS 

TOTAL 493,203 FT OR 93.41 MILES 

MS90556 

MS90557 

MS90558 EQUIPMENT PLUGS 
OTAL 

4,986 

7.089 

6,114 

.2.362 
20,551 

MISSION ESSENTIAL POWER CABLE ASSEMBLIES 
(CABLE  -  4 CONDUCTOR #4/U TYPE G) 

25-FI LEIi6IH_-_TQTÄL_QUAIiTiTY. Z3 

AMÜUÜTJDE CAaLE USED_ l,Tl ET_OR Q.57_MILES 

CONNECTORS - 200 AMP 

MS90555   POWER RECEPTACLES    70 

MS90556   LINE PLUGS        73 

MS90557   CABLE RECEPTACLES    73 

MS90558   EQUIPMENT PLUGS 

120/208V-3 PHASE-4 WIRE-GROUNDING, 60Hz-200 AMP 

TOTAL 
196 
412 

TABLE III 
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HARNESS CONNECTOR SYSTEM 

by 
Don Doty, AMP Incorporated 

Harrisburg, Penna. 
ABSTRACT 

Insulation Displacing Mass Wire Termination, as 
pioneered by AMP Incorporated in the CHAMP Con- 
nector line of products has entered the "Second genera- 
tion." Years ago, we realized that in order to successfully 
apply "Displation" to the board based electronic market, 
the product family, including printed circuit edge con- 
nectors, cable-to-board connectors, in-line and in-out 
connectors, would have to be capable of randomly mass 
terminating the different wire types; solid, stranded and 
fused stranded, either in the form of discrete wires or 
the varieties of flat flexible cable. Additionally, the 
products must have the capability to randomly accom- 
modate a large range of wire gauges, typically 14 thru 
20 AWG or 18 thru 26 AWG in the above wire types. 
Further, individual contact points must be capable of 
mass terminating multiple wires of the same gauge and, 
finally, there must be a commonality of applicator tool- 
ing; i.e. a universal applicator tool -'ngle insertion manual 
mass wire termination, semi- or f 'y automatic, must be 
able to randomly mass terminate all of the above prod- 
ucts in one positional increments in all of the above wire 
types, gauges and multiples. 

This paper deals primarily with a "State of the Art" 
concept and to illustrate this capability, the specific 
product family described is a series of .156" C/L Con- 
nectors which have been developed using this system. 

Shown in Figure 1 are: 

(1) Printed Circuit Edge Connector for 1/16" single- 
sided P. C. Boards. 

(2) Post Receptacle Connectors for .0452 or .045 dia. 
or .031 X .062 posts. 

(3) Hermaphroditic In-Line or ln-0ut Connectors. 

Features common to all of the above products: 

1. Available in one position increments from 2 thru 
24 positions. 

2. . 156 center-to-center spacing. 

Figure 2.   Pistol Grip Single Wire Insertion Tool. 

3. Available with or without mounting ears. 
4. Wire termination can randomly accommodate #18 

thru #26 AWG solid, stranded or fused stranded wire. 
5. In #20 thru #26 AWG, the wire termination can ac- 

cept two wires of the same gauge per contact. 
6. Capable of terminating Co-AX and drain wire. 
7. .055"   maximum   insulation   diameter,   two  wires. 

.110" maximum insulation diameter, single wires. 
The photographs above illustrate two levels of ap- 

plicator tooling; a pistol grip single wire insertion tool, 
and terminating bases and head for manual assembly of 
"Wind-in" or "Lay-in" form board type cable harnesses. 
Feasibility of fully automated, programmed cable harness 
machines has been established. 

It is important to note that commonality of ap- 
plicator tooling has been stressed in this system. The 
same universal tool accepts all of the connector types, 
in any of the positional increments available. 

Electrical checkout of the form board type of tool- 
ing is accomplished by inserting the connector to be 
terminated into its counterpart, located in the termina- 
tion base. In the case of the edge connector, an extender 
board is used on the back of the form board and is pre- 
wired to check the functions desired. 

Figure 1.   A Family of Connector Products. Figure 3.   IDMWT of Form Board Cable Harnessing. 
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THE SYSTEM: MASS TERMINATION APPROACH: 

For comparison purposes, the following reviews the 
steps   in   constructing   a   cable   harness  by  standard 
"Wind-in" techniques as contrasted to the new mass 
wire termination system: 

Typical Stepi Required by Present Harness 
Assembly Techniques: 

1. 
2. 

3. 
4. 

6. 

Wind-in wires on "nail-type" form boaid. 
Lace cable, stitching individual wire breakouts for 
subsequent contact termination. 
Cut wire ends to length. 
Remove cable from form board, transport to next 
station. 
Strip individual leads for contact termination, trans- 
port to next station. 
Crimp on  individual contacts, transport to next 
station. 
Insert individual contacts into connector housings, 
transport to next station. 
Inspect and check out finished harness. 

1. Insert connectors into tool bases on form board. 
(Connectors engage contacts of programmed check- 
out circuit on back of form board.) 

2. Wind-in wires complete, secure main cable branches. 
3. Mass terminate with upper tool section. 
4. Ringout finished cable assembly and remove from 

form board. 
All of the previously required transports, high 

failure incidence points, have been eliminated as well as 
the majority of time-consuming steps. 

A harness, for which actual standard hour rates were 
available, was chosen as a basis for comparison. A harness 
board was built to make the same harness, except that 
only one color of wire was used, and the application 
tooling bases were mounted on the assembly board. The 
harness was then wound a number of times in order to 
determine when the assembler had reached the learning 
curve stabilization point. Then each step of the assembly 
was timed so that an average time could be calculated. 
The harness that was chosen for this study had only 
P. C. Board edge connectors; it is understood that most 
typical harnesses would also have other types of 
connectors. 

PRESENT METHOD-LAY-IN OF PRE-TERMINATED LEADS: 

1.   Measure, cut and strip both ends of 143 leads/harness with a quantity of 1,000 leads per run for 
each lead, for making 1,000 harnesses, on an Artos CS-6 wire stripping machine. 

Lead Total 
Length Quantity Production 
Range 
4.5-15" 

of Leads Rate 
3M leads X 0.362 hrs/M leads 

15"-31" 88M leads X 0.694 hrs/M leads 
31 "-48" 51M leads X 1.031 hrs/M leads 
48"-64" IM leads X 1.361 hrs/M leads 

2. Bench terminate the following leads: 
Doubly terminate 85M leads X 1.667 hrs/M leads 
Singly terminate 58M leads X 0.833 hrs/M leads 
Doubling of (2) leads into one terminal 
29M terminals X 2.222 hrs/M terminals 

3. Lay the 143 pre-terminated leads per harness onto the harness assembly board and make up 1,000 
harnesses. 

8.2 sec/lead X 143 leads/harness X 1,000 harnesses 

4. Pick up a connector housing and insert the leads into the following connector housings 
13   terminals/connector X 2 connectors/harness X 6.3 seconds/terminal X 1,000 harness 
15   terminals/connector X 1 connector/harness X 6.3 seconds/terminal X 1,000 harnesses 
17   terminals/connector X 4 connectors/harness X 6.3 seconds/terminal X 1,000 harnesses 
21 terminals/connector X 1 connector/harness X 6.3 seconds/terminal X 1,000 harnesses 
22 terminals/connector X 1 connector/harness X 6.3 seconds/terminal X 1,000 harnesses 
23 terminals/connector X 4 connectors/harness X 6.3 seconds/terminal X 1,000 harnesses 

5. Plug the 13 connectors onto the test cards on the harness assembly board. Press the continuity test 
button on the harness assembly board and check for wiring errors. 

Insertion Time: 4.0 sec./conn. X 13 conn./harness X 1,000 harnesses 
Test Time: I.Osec./leadX 143 leads/harness X 1,000 harnesses 

6. Place 55 tie wraps around the harness and pull up tight by hand. Use the hand tool for final 
tightening and cutting off the excess tails. 

12.2 sec./tie X 55 ties/harness X 1,000 harnesses 

TOTAL TIME 
1.09 hrs 

61.11 hrs 
52.58 hrs 

1.36 hrs 

141.70 hrs 
48.31 hrs 
64.44 hrs 

325.72 hrs 

45.50 hrs 
26.25 hrs 

119.00 hrs 
36.75 hrs 
38.50 hrs 

161.00 hrs 

14.44 hrs 
39.72 hrs 

186.39 hrs 
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7.   Remove the harness from the harness assembly board. 
36.0 sec/harness X 1,000 harnesses 

Total time per 1,000 harnesses 
Total time per harness 

1,373.86 hrs/M harnesses/1,000 harnesses = 1.37386 HRS/harness = 82.43 minutes/harness 

10.00 hrs 
1,373.86 hrs 

PROPOSED METHOD-USING HARNESS CONNECTOR SYSTEM: 

1. Time to load connector housings onto the harness assembly board application tooling bases and to 
close bases. TOTAL TIME 

18 pos. conn. = 7.8 sec./conn. X 6 conn./harness = 46.8 sec./harness 0.78 min. 
24 pos. conn. = 8.0 sec./conn. X 6 conn./harness = 48.0 sec/harness 0.80 min. 
15 pos. pin conn. = 7.8 sec./conn. X 1 conn./harness = 7.8 sec./harness 0.13 min. 

2. Average time to wind harness (after the learning curve stabilization point) 29 min./harness 29.0 min. 

3. Place the inserter tool into the application tooling base. Push the handle forward to insert the leads 
into the terminals and to shear the excess lead loops. Remove the inserter tool and proceed tu the 
next base or lay the tool down. 

7.8sec./conn. X 13conn./harness = 101.0sec./harness 1.68min. 

4. Open the movable comb on the application tooling base. Pull out the excess sheared wire loops. 
7.0 sec./conn. X 12 conn./harness = 84 sec./harness 1.4 min. 

5. Press the continuity test button on the harness assembly board and check for wiring errors. 
1.0 sec./lead X 143 leads/harness = 143.0 sec./harness 2.38 min. 

6. Pick up the strain relief clips, out of the storage bins, and place one on each of the 13 connector 
housings. 

5.0 sec./conn. X 13 conn./harness = 65.0 sec./harness 1.08 min. 

7. Place 45 tie wraps around the harness and pull up tight by hand. Use the hand tool for final tighten- 
ing and for cutting off the excess tails. 

12.2 sec./tie X 45 ties/harness = 549.0 sec./harness 9.15 min. 

8. Remove the harness from the harness assembly board. 
36.0 sec./harness 0.60 min. 

Total time per harness 47.00 min. 

RESULTS OF COMPARISON: 

Total assembly time: 
(Present Method)    = 82.43 minutes per harness 
(New Method)        = 47.00 minutes per harness 

Total Labor Savings  = 35.43 minutes per harness 
=   0.59 hours per harness 

Estimated labor rate = $11.35/hour for direct labor 
plus benefits plus overhead 

Total labor cost savings: 
$11.35/hr X 0.59 hrs/harness = $6.70/harness 

Conservative cost savings per termination: 
(S6.70/hamess)/(244 terminals/harness) = $0.027 = 2.7d/termination 

Illustrations 1 thru 8 show in sequence the steps involved in completing a typical wind-in cable using this "State of 
the Art" approach. 
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Figure 1.   41122-lnstall connector on extender boards in batet. 

Figure 2.   41127—Wind-in or Lay-in wires. 

Figure 3.   41120-Mass terminate with universal applicator tool. Figure 4.   41128-Open bates and energize test circuit. 
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Figures.   41117-Back of form board showing pre-wired tett Figure 6.   41123-Cable tie connector breakoutt. 
circuit. 
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Figure 7.   41126-lnttall strain relief covers. 
FiguraS.   4112S-Remove completed and tested harness from 
form board. 
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ENGINEERING FOR CABLE INSTALLATION 

V. W. Pehrson 
General Cable Corporation 

Colonia, New Jersey 

Summary 

Cable plows have been in general upe for 
the past two decades but were used extensively 
for installation of toll cables in the Bell System 
since the early 1930's.    The construction and the 
handling of cable plows have, however,  imposed some 
difficulties for cable and these,  along with the 
impact of filled cable,  are discussed. 

Duct installation of long cable lengths 
necessitates more exacting engineering and planning 
to avoid needless risks.    These installations are, 
in many cases,  complicated by intermediate manhole: 
and/or bends.     The basis  and methods of  calculation 
of pullina lengths,  or tensions,  and handling 
practices in intermediate manholes  are discussed. 

Introduction 

The evoi .tion of communication cable 
design,  the development of installation equipment, 
the introduction of new materials  and the innovation 
of new devices all have an impact on cable installa- 
tion methods and practices.    Although this is the 
essence of progress  it is very seldom that a 
development takes place that is all on the plus side 
of the ledger.    While it may be a very significant 
advancement on the whole,   it may also have some 
weaknesses or detrimental  aspects which must be 
dealt with in practice. 

This is a discussion of practices and,  to 
some extent,  of equipment used in placing buried or 
duct cables with the objective of outlining good 
practices, pointing out some risk areas or means 
of identifying risks and to suggest methods of 
handling that will minimize the risks involved. 

Cable Plowing 

The concept of buried cable inr,'-.allation 
by plowing was introduced many decades bade.    One 
of the very early installations,  if not the first, 
was the installation of a telegraph cable along a 
railroad track by a plow pulled by a locomotive. 
Nystrom^ reported in 1931  the development of a 
cable plow and plowing more than 300 miles of steel 
tape armored lead sheathed toll cable by South- 
western Bell  Telephone Company.     In  1950 Royal2 

stated that a large portion of the coaxial and 
balanced pair toll circuits  in the Bell System plant 
is enclosed in cable that has been buried in a 
plowing operation.     There has been a great deal of 
progress through the years.    Today there are more 
sophisticated cable plows designed to be pulled by a 
locomotive,  there are plows designed to be pulled 
behind tractors, plows designed to be attached to 
tractors and therr are plows designed as an integral 
part of a tractor.    There are static plows, vibra- 
tory plows and even plows of a somewhat different 
design which have been developed for underwater 
cable installation. 

Installation of buried cables by plowing 
burgeoned in the mid 1950's accompanying the develop- 
ment of pedestals for splicing and terminating.     This 
type of installation, which was relatively inconspic- 
uous and offered both cost savings and greater free- 
dom from storm damage,  as compared with aerial cables 
or open wire pole lines, stimulated the spread of 
telephony into the rural areas of the United States. 
Over the past few years the widespread adoption of 
filled cable for buried installations has  imposed 
Snr- . new aspects on this method of  installation. 

The changes mentioned above are in the 
li.'.-.rR,1   of progress but they have also imposed a few 

J.J oblems  for which allowances must be made during 
installation.    Table 1 shows gross package weight 
(i.e. cable and reel)  of several popular sizes of 
cable illustrating the greater weights of the 
increased standard lengths of filled cable. 

The pay offs of most cable plows have no 
provision for any power control of the pay off reel 
so that during the normal plowing operation the 
power to accelerate and turn the reel is from tension 
in the cable, unless it is turned manually.    A number 
of users have recognized this problem and provide a 
man to turn the reel or to provide a slack loop of 
cable ahead of the plow. 

The tension required to turn the reel under 
steady state conditions is well within the strength 
limitations of the cable.    There are, however,  no 
steady state conditions in a plowing operation. 
First of all, when the plow starts the reel must be 
accelerated from a stop to the plowing speed.     Then, 
any changes in reel speed, necessitated by changes 
in speed of the plowing or by the attitude of the 
plow due to uneven terrain, can either tension the 
cable to accelerate the reel or develop a slack loop 
in the cable.    Under the latter condition the reel 
slows up,  and when the accumulated slack is used up, 
the cable reel must again be accelerated to accomo- 
date the plowing speed, usually with a severe jerk 
of the cable.    This is not a new condition, merely 
a continuing one.    What has changed is that reels of 
cable,  with longer lengths and filled with a water- 
proofing compound, liave become heavier. 

The design of cable plows has not in all 
cases been in the best interest of the cable, 
possibly because of engineering or economic compro- 
mises.     The recommended minimum bending radius  for 
cable is  10 times the cable diameter and the maximum 
recommended bearing pressure or sidewall pressure 
is 150 pounds per foot.    The radius at the bottom 
of the cable chute in some plows is much less than 
10 times the diameter of the largest cables they can 
accommodate.    There is no real problem in designing 
cable chutes to conform with this criteria and plow 
manufacturers should not have difficulty furnishing 
them with such a radius. 
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Table  1 

Package Weights 
22  AWG PIC 

Unfilled Cable Filled Cable 
Total Weight Total Weight 

Cable Size Standard Length cable & reel Standard Length cable &  reel Weight Ratio 
(pairs) (feet) (pounds) 

870 

(feet) (pounds) 

1095 

(multiples) 

12 5000 6000 1.25 

25 5000 1325 6000 1800 1.36 

50 3000 1390 6000 3430 2.47 

75 3000 1955 6000 4700 2.40 

100 3000 2575 3000 3130 1.22 

Some plowing equipment has  rollers  to sup- 
port the cable between the cable reel mounted at the 
front of  a tractor and  the  rear mounted cable plow. 
Some of these  are as small  as 4.5  inches in diameter. 
They are obviously intended as guide rollers,  and if 
the cable passing over them is not under tension they 
are satisfactory as guides or supports for the cable 
as it passes over the tractor.     In practice, however, 
unless a slack loop is pulled off  the reel, or the 
reel is turned by some means to preclude any signifi- 
cant tension in the cable,   it can be subjected to the 
jerking mentioned above.     Such jerking will bend the 
cable over far too small a radius  and can subject the 
cable to very high bearing pressures over the rollers. 

It is difficult to estimate the peak ten- 
sions which can result from such jerking.    A report 
was received of  a momentary  cable  tension of over  600 
pounds at the start of a plowing operation, measured 
by connecting a dynamometer between the end of the 
cable and an anchor.    This of course measured the ten- 
sion at the  exit of  the plow chute  where it would be 
somewhat greater than over the rollers above. 

An illustration of this set of conditions is 
shown in Figure 1.     It is  assumed the tension is 600 
pounds at the exit of the  chute  and a 100 pr 22 AM3 
filled PTC cable which has  a diameter of 1.4 inches  is 
being installed.    Assume  the  radius  of bend in the 
chute is 10 times the cable diameter which is 14 
inches or 1.17 feet.    The effect of cable weight in 
this instance is negligible so the bearing pressure 
against the wall of the chute is:^ 

means of   the formula for belt friction,  which  is   some- 
times called the capstan formula:'' 

(1) 

Where -. 

P = T/R 

P = bearing pressure, pounds per foot 

T = tension, pounds 

R = radius,  feet 

Substituting, 

P =  600/1.17  =  513 pounds per foot 

This shows that though the minimum bending radius is 
observed the momentary  tension is such that the side- 
wall bearing pressure is  far in excess of 150 pounds 
per foot,  which is the maximum recommended. 

The tension at the roller directly above 
the cable  chute of  the plow can be  calculated by 

T2   = Tie 
ke 

(2) 

Where: 

T, = tension at exit of bend, pounds 

Tj^ = tension at entrance of bend, pounds 

e    = base of natural logarithms 

k    = coefficient of friction 

9    = angle of contact,  radians 

To solve for T^  this equation can be rewritten: 

m   / k9 (3) 
1 =     2/e 

It will be assumed that bend in the chute has a 
90 degree or 1.57 radian included angle,  and that the 
coefficient of friction is 0.3, which is a figure 
sometimes used for belt friction over a flat pulley. 

Then,  with the tension of 600 pounds  at the 
exit of the chute: 

,_„ , 0.3 x 1.57       ,_. 
T.   =  oOO/e =375 pounds 

and the bearing pressure against a 4.5 inch diameter 
roller,   i.e.   2.25  inch,  or 0.1875  feet radius,   is: 

P =  375/0.1875 =  2000 pounds per foot. 
• 

This is  over 13  times greater than the maximum recom- 
mended bearing pressure for a cable and,  in addition, 
the cable is bent  around a radius that is far smaller 
than the minimum recommended.    This excessive bending 
and pressure may occur several times over different 
rollers before  the cable goes through the chute  and 
is placed in the ground. 

The big question is, has the cable been 
damaged by this  abuse,  and if it has, how much has it 
been damaged?    Plowing is, to a great extent,   a blind 
operation and sheath damage can easily get into the 
ground unnoticed but can usually be detected by shield 
to ground resistance measurements.     Other types of 
trouble may show up at a later date,  and it is  extreme- 
ly difficult to determine the cause after a period 
of time. 
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The introduction of  filled  cable- has  brought 
with it some  new considerations  in  installation.    The 
objective of  filling  cable,   is  to eliminate  all  voids 
in  a cable  and  thus   leave  no paths   for moisture migra- 
tion.    With  no voids  in  the  cable  it  is   incompressible. 
This  it,  contrasted  to unfilled  PIC cable,   in which 
approximately   50  per  cent   of   the  volume  of   the  c.^ble 
core  is  air or gasseous  voids;   consequently unfilled 
cable  is  compressible  to  some  extent. 

If  a circular  configuration is  deformed, 
either its  circumference must  be  increased or  its 
area reduced.     In  the  case  of  filled  cable  the  area 
cannot be  reduced,   so  if  it  is  deformed  the  circum- 
ference must increase,  which  is   to say  the  jacket 
must stretch.     An example of  this  is  shown  in Figures 
2  and 3.    Figure  2 shows  a  3  inch diameter circle 
which has a circumference  of  '1.43  inches   and  a cross 
secti  nal  area of  7.07  sguar?  inches.     If  this is 
def ■jrmed to  an ellipse with  a minor diameter of two 
inc  JS   (1/3  that of  the  circle)   and  if  this  is  a 
filled cable,   its  cross sectional   area would remain 
unchanged so the  circumference   nust  increase  to 
10.94 inches  as  shown  in Figure  3.     This  is  an 
increase  in circumference  of  1.51   inches,   or  16 per- 
cent      This may not be  the  exact  shape  l       'üch 
cajj.,   will  deform,   but   it   illustrates   the  phenomenon. 

Because  the jacket  of  filled  cables must 
stretch to permit  them to deform,   they offer much 
great  r resistance  to  leformation  than unfilled 
cable;.    When they  are subjected  to  sufficient  force, 
however,  they will  deform and  if  there  is  a substan- 
tial  amount of deformation  the  jacket will probably 
split.     The  cause  of  the deformation is  somewhat 
beside the point,   except  that  a  sudden deforming 
force,  as  if from an  impact,   is  more  injurious  to the 
cable. 

This has  happened to  reels  of  cable which 
were bumped during  shipment.     There have  been reports 
of  jackets  splitting when cable  was  deformed by 
pressure  against  a guide  roller of  a  cable plow due 
to  jerking.     This has been borne  out  in simulated 
plowing tests  in the  laboratory.     There  is  also 
evidence that cables have been  crushed when t'     plow 
has been jounced or deflected by hitting  a boulder, 
causing the jacket to split. 

When  the  cable  sheath  is  subjected to 
internal pressure  the  jacket  is  reinforced by  the 
shielding tape.     The point  of  little  or  no reinforce- 
ment,  however,   is  at  the  edge  of  the  overlap of the 
shield.     The seai,   tends to open up and subjects the 
jacket adjacent  to the overlap  to localized  circum- 
ferential  stretching,   and  the  split  sheaths  this 
author has seen have occurred  along  that  line.     This 
is  illustrated  in Figure  4.     Those observed have been 
from approximately  6 to 14  inches  in  length,  which 
indicates  a very  localized  loading. 

As mentioned  above,   some operating  companies 
have  recognized  the  tension problem and have  avoided 
it by such procedures  as  paying  off  the  cable on the 
ground ahead of  the plow from  a  separate  reel 
carrier or by having  a man walk  ahead of  the plowing 
prime mover and pull  a  15  to  20  foot  loop  of cable 
off  a tractor mounted  reel.     This  is  an  added cost, 
but  is not  as  expensive  as  damaged cable.     A powered 
automatic reel  tender would be  a great  advantage 
and  it  is hoped  that  a satisfactory one will  become 
available. 

probably be minimized by pre-ripping  and  finding a 
diversionary  route which will  avoid  the  boulders  or 
marking where  boulders   are encountered so  that  special 
treatment  can be given  such as trenching  the  local 
area with  a  backhoe. 

Duct  Installation 

Along  with  the  larger diameters  of  ducts 
that  are  currently  being  installed  and  the  larger 
cables  that  are being  pulled into them,   there  is 
increasing  interest  in  longer pulling  lengths  as  a 
means  to reduce  construction  and splicing  costs,  but 
it must be  realized  that with longer pulling  lengths 
the  requirement on  the  engineering,   the handling,   the 
techniques  and  the material used become more  exacting. 
When  large  cables  are  involved it becomes  increasingly 
important  that proper practices  are employed  so that 
installation  can be  accomplished without damage  to  the 
cable.     The   following  discusses  some of  the  factors 
that  influence  the  maximum cable  lengths  that  can  be 
pulled without undue  risk,  and provides  information 
that,   it  is hoped,  will  not only contribute  to  refine- 
ments  in installation practices,  but will  also give  a 
better  insight  as  to what can be done  safely. 

It  is  a general practice  in  the  cable  indus- 
try,  whether  for power cable or communication  cable, 
to limit pulling  tension to 10,000 psi  on the  cross 
section of  annealed  copper to which  the pull   is 
applied.     The value  of  0.008  lb.  per circular mil 
approximates  the  load  of  10,000 psi  and though  the 
two are  not precisely  the same,   they are used  inter- 
changeably  in  tension  calculations.     This  limitation 
is  stated  in  the Underground Systems  Reference  Book5, 
but the  recognition of  it predates  this publication. 
The  reason for  this   limitation is  illustrated  by the 
stress-strain curve  for annealed copper  shown  in 
Figure  5.     Note  that  the curve has  a knee  at  approxi- 
mately  10,000 psi  and  that tensions  exceeding  this 
involve  considerable  elongation of  the  conductor for 
relatively  small  increase  in tension.     This  tension, 
calculated  for both wires of a pair of  the popular 
guage  sizes,   and with  a bit of rounding  is  shown  in 
Table   2. 

Table  2 

Permissible  Pulling Tension Per Pair 

(pounds) 

19 AWG 
22 AWG 
24 AWG 
26 AWG 

20 
10 
6.4 
4.0 

It  is pointed out,  however,   that  for  larger 
size cables  it is  necessary to push some of  the pairs 
back  into the  cable  to  insert the pulling  bolt.     The 
percentage may vary  slightly from one  cable  size  to 
another  and possibly  from one manufacturer to  another, 
but  approximately  40 percent of  the pairs  are pushed 
back  and  60 percent   are  clamped in the  eye.   A diagram 
of  a  typical  pulling  eye  is shown in Figure  6. 
Table  3  shows  permissible pulling  tensions  for 
popular sizes  of  stalpeth,  based on  60  percent of 
the pairs  clamped  in  the eye. 

It  is  believed  there  will   always  be  some 
risk when plowing cable  in rocky  terrain.     This can 
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Table 3 
* 

CeÜDle Size 
No.  of Pairs 

200 
300 
400 
450 
550 

300 
400 
450 
600 
900 

1100 
1200 
1500 

600 
900 

1200 
1500 
1800 
2100 
2400 

600 
900 

1200 
1500 
1800 
2100 
2400 
2700 
3000 
3600 

Stalpeth 
Permissibl e Pulling Tensions 

19 AWG 

Diameter Weight T max 
(Inches) (Pounds/Foot) (Pounds) 

1.9 2,2 2400 
2.2 3.2 3600 
2,6 4,2 4800 
2.7 4,7 5400 
3.0 

22_ AWG 

5,7 6600* 

1.7 1,7 1800 
2.0 2,3 2400 
2,1 2.5 2700 
2.4 3.3 3600 
2.8 4.8 5400 
3.1 5.8 6600* 
3.2 6.3 7200* 
3.5 

21 AWG 

7,8 9000* 

1.9 2.1 2300 
2,3 3.1 3450 
2,6 4.1 4600 
2,9 5,0 5750 
3,1 5,9 6900* 
3,4 6,9 8050* 
3,6 

26_ AWG 

7,8 9200* 

1,5 
1,8 
2,0 
2,3 
2,5 
2,6 
2,8 
3,0 
3.1 
3,4 

1.4 
2.0 
2.6 
3.2 
3.8 
4.< 
5.0 
5.5 
6.1 
7.4 

1440 
2160 
2880 
3600 
4300 
5050 
5750 
6500 
7200* 
8650* 

♦Because of practical considerations in pulling cables into ducts, a 
maximum tension of 6500 pounds is recommended even though some cables 
will withstand higher tensions. 

Wie tension required to pull cable into a 
straight duct is: 

Where: 

T = Lwk (4) 

T = tension, pounds 

L = length, feet 

w = weight of cable, pounds per foot 

k = coefficient of friction 

The only factor in this equation that is difficult to 
determine accurately is the coefficient of friction 
"k". It is a simple matter to make a laboratory 

determination of the coefficient of friction between 
cable sheaths and various duct materials, with and 
without lubricants.  The values obtained by measure- 
ment under laboratory conditions will, however, be 
the minimum coefficient that can be expected and 
which, in most cases, will be quite optimistic when 
compared with "effective" coefficients determined 
from pulling tensions measured in actual installa- 
tions. 

It is essential, when pulling long lengths 
of cable, to have knowledge of the "effective" 
coefficient of friction and to control the factors 
which have a bearing on it insofar as practical, so 
as to know what tensions can be expected realisti- 
cally. The "effective" coefficient of friction is 
defined as the relationship between a cable weight 
and the force required to pull it into a duct, and it 
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must be determined empirically.    This force may in- 
clude several contributions that are not strictly 
due to weight times the coefficient of friction but 
these are difficult to separate from the coefficient 
in a measurement,  so it is convenient to include 
them in the "effective"  coefficient. 

These contributions may include: 

1. Dirt or contamination,  particularly 
in old ducts. 

2. Lubrication.    In a long duct run 
lubrication can be applied at the feeding end but 
it is difficult to achieve effective lubrication 
throughout the length of the duct because the lubri- 
cant is wiped from the cable as it slides into the 
duct and is thus not distributed uniformly throughout 
the length of the duct.     This means that the coeffi- 
cient of friction can differ in different portions of 
the duct depending on the amount of lubrication, and 
it is usually less effective in long ducts. 

3. Deviations of a duct from a straight 
line.    This will cause the cable to bear against the 
duct wall in a direction dependant on the direction 
of the deviation,  and the pressure against the duct 
wall will increase with cable tension resulting in 
greater friction. 

A cable under tension and lying on a flat 
surface will form a straight line.    Any directional 
deviations of a duct which will deflect a cable 
under tension from a straight line will result in a 
force in pounds per foot equal to T/R  (equation 1) 
as mentioned in the discussion of plowing.    It can 
be seen that as tension increases due to longer pull- 
ing lengths, the contribution of friction at each 
pressure point is increased.    This side wall bearing 
pressure can be added vectorially to the cable weight 
to obtain the total pressure.    This will,  except 
where the curvature is such the cable tends to lift, 
have the same effect as  increasing the cable weight, 
but it will be apparent as an increase  in the 
coefficient of friction.    It is pointed out that 
though the effects of minor changes in alignment 
are generally considered negligible when pulling 
high voltage power cable into steel pipes,-' it must 
be remembered that with welded steel pipes the 
inadvertant variations  from a straight line are 
very small and also that the coefficient of friction 
used in engineering these installations has been 
determined empirically from field data.    Even where 
duct systems are engineered to be straight,  they may 
deviate from a straight line due to construction 
inaccuracies or settling of the ground during back 
filling or after construction is completed.    When 
pulling short lengths of cable where tensions are 
relatively low, the effect of minor deviations from 
a straight line are generally negligible, but as 
tensions increase with cable length and particularly 
as cable diameters approach duct diameters,  non- 
linearities in a duct can materially increase 
tensions.    As an example,  a 1500 pair 24 AWG stalpeth 
cable which weighs 4.9 pounds per foot is to be 
pulled into a duct.    The permissible pulling tension 
for this cable is: 

T max = Number of pairs x 0.6 x permissible 
tension per pair. 

T max =  1500 x 0.6 x 6.4 =  5760 pounds 

Let us arbitrarily assume,  for purposes of 
illustration, that this duct has a horizontal non- 

liniarity with a radius of 500 feet at a point where 
the cable tension is 4500 pounds.    The side bearing 
pressure due to tension is equal to:    P^. ■ T/R 
(equation 1)  where P    denotes pressure a 
in pounds per foot. 

ue to tension 

Hence: 

P    " 4500 
500 

9 pounds per foot 

The resultant pressure (P ) 
nent due to tension and the 
to cable weight is: 

of the horizontal compo- 
vertical component due 

\^2 

+ w (5) 

+4.9 =10.2 pounds per foot 

This is considerably different than the 
pressure due to the 4.9 pounds per foot cable weight 
which would be used in calculating pulling tensions 
in what is considered an essentially straight section. 
It is realized that these minor deviations may occur 
in any plane with effects corresponding to the di- 
rection and radius of curvature of the deviation and 
also that the condition is not applicable to the 
entire length of the duct.  It illustrates, however, 
that minor deviations from a straight line have an 
effect on side bearing pressure, and consequently 
on pulling tension, which cannot easily be pre- 
determined, but which will exhibit itself in the 
"effective" coefficient of friction. 

It is pointed out that published cable 
diameters are nominal diameters as measured by a 
dieimeter tape and are subject to manufacturing 
tolerances, and also unfilled cables may deform 
somewhat from the reeling and unreeling operations 
before they are installed in a duct. The maximum 
oaliper diameter may be significantly larger than the 
tape diameter.  It is felt that for straight ducts, 
the duct diameter should be at least one half inch, 
or 15 percent, larger than the cable, whichever 
provides the greater clearance, and even more 
clearance would be prudent if there are bends in the 
duct which would res lit in substantial side bearing 
pressure. Pulling eye diameters are larger than the 
cable but, except in very small cables, should not 
exceed cable diameter by more than 10 percent. 

In addition to cable deformation, it has 
been found that fiber and plastic ducts are sometimes 
out of round. They have been faund seriously out of 
round under roadways, presumably from either compact- 
ing operations preparatory to paving, or compacting 
from traffic after completion of the roadway. Joints 
in concrete or tile duct will sometimes drop leaving 
an offset. 

If there is any question that fiber or 
plastic ducts may be out of round, or that sectional 
ducts may be slightly offset, or that the duct may be 
contaminated or obstructed, or if the cable diameter 
approximates 85 percent of the duct diameter, & man- 
drel should be pulled through the duct prior to 
making the cable pull. The mandrel should be within 
1/4 inch of the nominal diameter of the duct and 
should be larger them the cable pulling eye. The 
short mandrels available commercially are useful but 
a stiff mandrel five to six feet long is preferable 
because it can give warning of an abrupt nonlinearity 
or an offset duct section. Any evidence of silting 
will indicate the necessity of cleaning. 
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Pulling tensions for polyethylene jacketed 
cables have been measured in the Bell System under a 
variety of conditions and they have determined co- 
efficients of friction from these measurements. The 
following values are listed in a Bell System Prac- 
tice.6 

Table 4 

Lubricant 
7 

Duct Material No Lub B or C Lub D Lub 

Concrete 0.6 0.42 0.25 

Fiber 0.47 0.44 0.25 

Fiber Cement 0.50 0.50 0.25 

Plastic 0.43 0.38 0.18 

Bell Laboratory representatives have 
advised that the coefficients calculated from 
measured values of pulling tension covered a range 
of values,  of which those listed above are 75 per- 
centile figures.    This is to say that 25 percent 
of their cable pulls would be expected to involve 
coefficients higher than those listed.    These coeffi- 
cients will not necessarily be valid for all ducts. 
Duct conditions will vary even with the best of 
construction practices due to the practical engineer- 
and construction trade-offs which are dictated by 
economics,  and by soil conditions, hence it is urged 
that operating companies measure and record cable 
pulling tensions and determine effective friction 
coefficients empirically from the tension data,   as a 
basis for their engineering.    It is suggested that 
along with the pulling tension the data should 
include cable diameters, cable weight,  type of cable, 
duct diameter and material,  location and radius of 
all bends,  length of pull,  grade involved   (uphill, 
level or downhill)  and type and method of lubrica- 
tion. 

There are a few points in setting up and 
pulling the cable which are important,  and though 
they are shown in most underground cable placing 
practices they will be repeated here.    The reel 
should be set up on the same side of the manhole as 
the duct into which the cable will be fed,  so that 
the direction of curvature of the cable coming off 
the top of the reel,  going through the feeding tube 
and into the duct is not changed.     If there are bends 
in the duct the reel should be set up at the manhole 
closest to the most severe bend if at all practical. 
In order to take advantage of minimum pulling ten- 
sions  it is good practice to make calculations in 
both directions of pull, particularly if there are 
multiple bends. 

Pulling should be very slow until at least 
two feet of cable are in the duct then the pulling 
speed should be fast enough to keep the cable and 
the reel moving smoothly,  but not so fast that 
feeding cannot be safely controlled.    With straight 
ducts and good conditions at all manholes,  including 
any intermediates, higher speeds can be safely used 
but should not exceed 100 feet per minute.     Thirty 
feet per minute Is a good minimum to maintain uni- 
form movement of the cable and reel, with 80 to 100 
feet per minute reasonable when conditions are 
good;^'  8 however,  the speed should be reduced when 
the cable approaches the pulling manhole. 

If it is necessary to stop the cable 
between manholes,  the tension should be maintained 

on the winch  line if possible.    When starting again it 
must be kept in mind that both the static friction 
and the  inertia of the cable must be overcome,  so the 
tension must be increased gradually until the cable 
begins to move. 

Bends 

Where bends are designed into the duct,  the 
location and radius of curvature of the bend is known 
and the effects of the bends on pulling tensions can 
be calculated.    This is essential for accurate calcu- 
lations. 

Equation 2 is sometimes used for em approx- 
imate calculation of tension around bends.    This 
equation neglects the cable weight, but on calcula- 
tions involving light weight cable where bend radius 
and the tension are such that the cable weight is 
small in comparison to the sidewall pressure it can 
be used without great error.    With heavy cables and 
large radius bends, or if pulls are in a direction 
where duct wall pressure adds directly to cable 
weight,  such as convex bends,  the error could be 
significant. 

The most common problems, however,  involve 
horizontal bends  since,  except for bends at risers, 
which are usually in connection with short pulls, 
most bends of any significance are substantially 
horizontal.    Rigorous equations have been developed 
for calculating tensions around horizontal bends. 
One equation,  developed by  Buller    is also shown  in 
Reference  5.    Expressed in terms of tension the 
equation is: 

-1 Tl T„ = wR sinh  (ke + sinh     —) (6) 2 wR 

or in terms of equivalent length is: 

R -1   Ll15 

L2 = £■ sinh   (k9 + sinh     -±-) (7) 

Where: 

T    = tension,  pounds at exit from bend 

T    = tension,  pounds at exit from bend 

hj - equivalent length,  feet at exit from 
bend 

L1  = equivalent length,  feet at entrance of 
bend 

k = effective  friction coefficient 

R = radius of bend,  feet 

9 = angle of bend,  radians 

w = weight of  cable, pounds per foot 

Equivalent length is defined as the length of straight 
duct which would result in tension equivalent to the 
bend. 

3Equations were developed independantly by 
Rifenburg    which are somewhat more Involved but are 
reduceable to that shown above.    This reference also 
shows equations  for pulling tei.sions in vertical 
concave and convex bends  and for both up hill  and 
down hill vertical offsets. 

These equations can be programmed on a 
programmable hand held calculator such as the Hewlett 
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Packard HP-65 as   veil as larger scientific computers, 
and when programmed their solution is easy    and their 
complexity,   relative to the approximate formula,  is 
not a matter of consequence.    Graphical solutions 
have been developed for these equations by Buller  , 
Rifenburg3  and Bosworth.*0    Their use, however,  is 
more involved than the use of a calculator and,  though 
they are  reported to have at least slide rule accuracy 
if properly made and scaled,  they are less accurate 
than the calculator.    An additional advantage of the 
calculator for design purposes is that once it is 
programmed calculations for alternate route lay-outs 
can be readily made to select the most advantageous 
one as far as cable installation is concerned. 

The calculation should begin with the tail 
load,  L  ,  equivalent to pulling 50 feet of cable into 
the duct.     If calculating equivalent length,  which has 
certain conveniences, the 50 feet is merely added to 
the initial straight section of duct to become L •  L, 
is then calculated as the equivalent length at the 
exit of  the bend.    Succeeding straight sections and 
bends are calculated progressively.    The tension at 
the end of the duct section can be calculated from 
the equivalent length by equation 2,  T = Lwk, 
or, possibly more convenient for duct design purposes, 
the maximum equivalent length is: 

T max 
wk (8) 

The side bearing pressure should be calcu- 
lated at the exit of the most critical bend and should 
not exceed 150 pounds per foot. This however, might 
prove excessive for single bore conduit unless it Is 
properly encased in concrete. With unit pressure in 
this range the contribution from the cable weight is 
not significant and the sidewall pressure is calcu- 
lated by equation 1. 

In most cases manhole spacing is determined 
by the need for branch splices in some, but not 
necessarily all, of the cables in a duct bank.  Since 
this spacing is usually less than maximum length of 
plastic sheathed cable that can be pulled, the instal- 
lation of long lengths will, In these instances, 
necessitate pulling through intermediate manholes. 

2. The length of cable on the reel is ade- 
quate for the two or more manhole sections involved, 
with allowances for racking in intermediate manholes 
and for splicing and waste. 

3. Adequate equipment is available to handle 
the reel size Involved, and that winch line and winch 
are adequate for the length and pulling force. 

4. Suitable racking equipment is available. 

5. Intermediate manholes are straight 
through, i.e. no branch splices planned. 

6. The ducts at each end of the manhole 
are well aligned. 

Racking in Manholes 

Where cable is pulled through an inter- 
mediate manhole it is necessary to develop slack to 
properly rack the cable.  A prerequisite to develop- 
ing slack in an  intermediate manhole is to make pro- 
vision in the adjacent manholes.  This may necessi- 
tate anchoring the cable in one of the adjacent 
manholes if it is preferable or essential that the 
slack come from one direction. 

The cable in the manholes from which the 
slack may come must be supported in a straight line 
from the duct mouth for a sufficient length so the 
cable can move into the duct without restriction 
and without risk of damage at the duct mouth. 

Various methods have been used to pull 
slack into a manhole, some of which are regarded as 
makeshift. Luffing grips over the cable at each end 
of the manhole, with a chain hoist between them to 
pull the slack, have often been used, but when a 
substantial force is needed to pull the slack there is 
risk of moving the cable sheath relative to the core 
and possibly damaging the cable.  Racking jacks are 
available and are often used in combination with 
cable bending shoes to gain slack by jacking the 
cable into position by forcing It away from the 
opposite wall of the manhole. 

When duct mouths are on exactly opposite 
sides of the manhole and the ducts are in line with 
each other on the opposite sides, i.e. no change In 
direction either horizontally or vertically, the 
cable can be pulled through the manhole without risk 
of snubbing on the duct mouths. If the ducts at the 
opposite ends of the manhole have a significant offset 
or are out of alignment with each other there is 
risk of snubbing at the duct mouths and possibly 
damaging cable unless the tension through the inter- 
mediate manhole is light. If there is a long pull 
or a bend which results in high tension at the 
intermediate manhole, and offsets or misalignment 
exists, the pull-through should be avoided. 

Cable pulls through intermediate manholes 
should not be planned unless all of the following 
conditions are met: 

1. Calculated pulling tensions based on 
knowledge of the duct layout and/or previous exper- 
ience, indicates that maximum tension for the two or 
more manhole sections are within the permissible 
limits for the cable and the pulling line. 

A more sophisticated tool is a slack puller 
consisting of four bending shoes on a framework with 
a linkage between them arranged so that a chain hoist 
can be connected between two lever arms.   Slack is 
gained by pulling the lever arms together, forcing an 
offset into the cable and positioning it for racking. 

Whatever method of pulling slack and racking 
the cable is used, it is Important that approximately 
four inches of straight cable extends from each duct 
mouth to preclude the possibility of cable damage at 
the duct mouth should the cable in the duct contract 
from temperature drop. 

Conclusions 

Cable Plowing 

i. The cable should have minimal tension 
when passing over guide rollers and as it enters the 
plow chute. 

2. The radius of curvature in the plow 
chute should be a minimum of 10 times the diameter 
of the largest cable it will accommodate. 
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3.   It is advisable to pre-rip in rocky 
terrain and to take appropriate measures where boul- 
ders are encountered. 

10, Bosworth, D. W., Discussion of R, C. Rifenburg 
"Pipe Line Design for Pipe-Type Feeders," AIEE 
Transactions, Vol 72, Part III. 

Duct Installations 

1.  Cable tension should be limited to 
10,000 pounds per square inch of the copper cross 
section that is clamped in the pulling eye. 

11. General System Practices, Section 081-325-101, 
Issue 1, April 1970,  "Puller,  Slack,  Cable, 
Manhole."    Copyright 1970 - Automatic Electric 
Company. 

2. Friction coefficients shown herein are 
submitted as a guide, but it is recommended that 
operating companies measure pulling tensions and 
empirically determine friction coefficients in their 
own ducts. 

3. Ducts should be a minimum of one-half 
inch or 15 percent larger than the cable,  whichever 
provides the greater clearance. 

4. Pulling tensions or equivalent lengths 
should be calculated for bends in the duct.    VJl.ere 
the location and radius of the bend is not known, 
long cable pulls should not be attempted unless 
experience has  shown conditions to be satisfactory. 

5. Side wall pressure should not exceed 
150 pounds per foot. 

6. Pulling through intermediate manholes 
should not be  attempted unless all conditions are 
suitable. 

7. Care should be taken in racking in 
intermediate manholes so the cable is not kinked 
nor bent too sharply, and so that the cable sheath 
is not unduly stressed. 
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FIGURE 1 

BEARING PRESSURE 

in plow chute and over rollers 
P = 2Tsin(*/2Ra 

For very small angles sin a = a 

And P = T/R 
Where; 
P = unit pressure, pounds per foot 

T = tension, pounds 
R = radius, feet 
a - angle, radians 

Circumlerence=»d=9.43 inch 

»d! 

Area= .' =7.07 8q. in. 

FIGURE  2 

Assume a 3 inch diameter circle is deformed to an el- 
lipse with a 2 inch minor diameter (2/3 that ol the circle) 
but maintaining the same area. 

AREA «-• »ab = 7.07 sq. in. 
with b = 1 inch 

7.07 
= 2.25 inch 

CIRCUMFERENCE = 2» 

= 2,^ 2 
= 10.94 inch 

In relation to the 3 inch diameter circle, the circumference is: 
10.94—9.43 = 1.51 inches greater, 

or 16% greater than the circle 
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WHEN THE SHEATH STRETCHES 

The jacket is reinforced by the shield as a result of adhesion and 
friction. 
In filled cables the weak point in the shield is the overlap where 
adhesion is reduced by the presence of filling compound which is 
essential to prevent moisture migration. 
Wh°n adhesion in the shield overlap is overcome the shield can slide 
on itself at the overlap which concentrates the stretching of the jacket 
at that point. 
With the stretching concentrated in a small fraction of an inch it can 
exceed the elongation properties of the jacket and it will part in a line 
over the shield overlap. 

FIGURE  A 

Esl 

20,000 

15,000 

I 

o 10,000 
55 
2 

5,000 

STRESS-STRAIN DIAGRAM 
ANNEALED OR SOFT COPPER WIRE 

ELONGATION-INCHES PER INCH 

FIGURE   5 

PULLING 

EYE 
FIGURE  6 
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UNDER CARPET POWER AND COMMUNICATION WIRE SYSTEM 

by 
James Fleischhacker 

AMP Incorporated 
Harrisburg, Penna. 

In the construction of modem open-area office 
space, a major design problem is to economically pro- 
vide electric power and communication services to in- 
terior locations. As the use of color-keyed carpeting to 
separate work areas becomes more widely used due to 
its flexibility and low maintenance costs, the elimination 
of expensive duct work and raceways by laying a flat 
cable wiring system directly on the primary floor be- 
comes a possibility. The successful manufacture of flat- 
conductor cable as pioneered by NASA1'5 as part of the 
space program further supports such >. i endeavor. 

The major limitation to such a system is that it does 
not service the ceiling lighting circuits. The expected ad- 
vantages of this system, however, are lower initial cost 
(through elimination of raceways) and ease of rearrange- 
ment. 

A trial installation of the under-carpet system was 
conducted in a 3400 square foot sales office area. It in- 
cluded 18 floor mounted and three baseboard-mounted 
duplex outlets, and 24 key-phone sets. Three steps were 
involved in the installation. First, flat power cables were 
run from the wire closet to the desired outlet locations, 
and a steel-fault current shield laid over the cable to pro- 
vide mechanical and electrical protection. Second, flat 
communication cables were run over the power cable to 
several telephone outlet locations. Finally, carpet was 
laid over the area, with openings cut in it to expose the 
cable terminations. Power outlets and key sets were con- 
nected to these points. 

Figurt 1.   Barritr Block* 

POWER CABLING 

Four parts made up the power cabling assembly: a 
transition from round wire to flat cable, flat cable tee 
tap assemblies, duplex outlets, and a fault-current shield. 

Transition 

Primary power was provided by a commercially avail- 
able GFI (ground fault indicator) protected breaker 
panel. Three flat cable circuits were interfaced to the 
round wire from the panel at barrier blocks as shown in 
Figure 1. 

The flat cable configuration, developed by Parlex 
Corporation and NASA—Huntsville, consisted of three 
14 AWG copper conductors (600 X 6 mils) laminated be- 
tween two five-mil Mylar jackets. This configuration 
passes UL 719 and UL83 requirements.5 

Three main cable runs were extended from the wire 
closet to the office area by taping the cable to the con- 
crete floor. Right angle corners were made by folding 
the cable back on itself (Figure 2). 

The folded double thickness in these areas was un- 
detectable once the carpet was in place. 

Tee Tap Assembly 

To provide power at the duplex outlet locations, tee 
joints were tapped into the three main cable runs. The 
taps consisted of three terminals bonded to a Mylar 
carrier (Figure 3). The tooling used to apply this as- 
sembly was a fixture plate to position the cables and tap- 

Figure 2.   FolcM Cornw 
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Figur« 3.   Tee Tap Assembly 

a,    | 

v3. 

jP—^b Hv^lpJ 

Figure 4.   Applicator Tooling 

Figure 6.   Terminal Crimping Sequence 

assembly, and a -nodified vise grip to crimp the teritiinals 
(Figure 4). A finished tee joint is shown in Figure 5. 
Mylar was taped over the joint to insulate it. 

The insulation displacing terminal and the crimping 
sequence that w?s developed to terminate the power 
cable is illustrated in Figure 6. In the crimping sequence, 
the cable is positioned over the terminal assembly and 
the fixture plate forces the large lances through the cable 
insulation. The visigrip is then used to crimp the large 
lances over. The crimping action forces the cable to de- 
press the four contact lances. These skive the Mylar insu- 
lation from the Lottom of the conductors, wipe the 
copper, and form a stored energy, gas tight, redundant 
joint. A microphotograph of the crimp is shown in 
Figure 7. The crimp has been current-cycle tested at 

I 

Figure 5.   Tee Joint Figure 7. 
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Figure 13.   Communication Cable Congestion 

Figure 14. CHAMP Terminated Cable. 

Figure 15.   Communication Runs 

laid on top of the power cables, running at right angles 
where possible to facilitate these movements. 

The 25 pair communication cables were mass termi- 
nated on lioth the office and wire closet ends by using 
the CHAMP connector and tooling." A terminated 

cable is shown in Figure 14. The connectors were placed 
at the desired outlet locations and the cables were run 
back to the wire closet (Figure 15). A mating CHAMP 
connector provided transition to round wire in the 
closet. The round witc was terminated line-byline in 
standard 66 blocks. 

CARPETING AND CONNECTING 

With all cabling in place, the floor was coated witli 
adhesive and six foot wide carpet was installed. The base 
plates were visible as lumps under the carpet. Guided by 
feel, the installer first cut on the narrow sides of the 
rectangular base plate and then cut across a keyed long 
side. As the -,aHe always approached the base block 
from the non-1 eyed long side, there was no danger of 
cutting the cable while cutting the carpet. Folding back 
the carpet exposed the base plate as shown in Figure 16. 

Standard duplex outlets were equipped with pigtail 
leads terminated with pre-insulated quick connect termi- 
nals. These in turn mated with the tabs that had been 
crimped to the power cable (Figure 17). The carpet flap 
was tucked into a divided compartment in the trim box. 
This keeps the carpet, which could have conductive anti- 

Figure 16.   Base Plate Exposed 

Figure 17.   Quick Connect Pigtails 
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Current In 

Figur« 8.   RMittanca Tatting 

Current out 

0 1 i 10   20  .0 40 50 60 70 80  90  96  98 99 

Figur* 9. 

40 amperos with equal "on" and "ofi" periods of 15 
minutes. 

Four wire resistance measurements were taken across 
the tap as shown in Figure 8. The initial and final resis- 
tance distributions (Figure 9) show a maximum increase 
of two milliohms after 512 current cycles. 

Duplex Outlets 

Terminations to the duplex outlets were made at the 
ends of the tee runs by use of tab terminals and base 
plates. This assembly is shown in Figure 10. The termi- 
nals were crimped to the cable as before, but in this 
application a tab protruded from the crimp area for con- 

Figurall.   Inttalled Dupitx Base 

Flat Cable 1 
Crimp Tarmlnal 
♦ Final Data 
▲ Initial Data 

99 99                           99 90       80    70  60 50 40 30    20       10      5 
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Figure 10.   Dupiax Termination 

Figure 12.   Fault-current Shield 

necting to the duplex outlet by means of a pigtail lead. 
The base plate provided mechanical protection for the 
terminals and was attached to the concrete floor by a 
ram set rivet. An installed assembly is shown in Fig- 
ure 11. 

Fault-current Shield 

A six-inch width of adhesive-backed, eight-mil steel 
was laid over the power cabling. This both secured the 
cabling and provided mechanical protection. The shield 
also was grounded back through the breaker panel to 
provide protection against electrical hazards such as 
piercing of the cable by a sharp metal object. The shield 
also aided in fairing over the cable edges and made them 
virtually undetectable under the carpet. Figure 12 shows 
a circuit run with the shield in place. 

COMMUNICATION CABLING 

The communication cabling consisted of twenty-four 
runs of flat cable, primarily Western Electric PSEUDO 
TWIST. Since only three power circuits were required, 
the main wiring density was in the communication sys- 
tem. (This is graphically shown at the wire closet in 
Figure 13.) 

Since these cables are moved more frequently than 
are the power cables, the communication cables were 
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Figure 18.   Completed Power Outlet 

Figure 19.   Completed Telephone Outlet 

static fibers, separated from the hot side of the outlet. 
It also preserves the carpet flap so it can be placed back 
In position if the outlet location is ever moved. The tele 
phone and power trim boxes were secured to the base 
plates with screws. Figure 18 shows a completed power 
outlet, and Figure 19 a completed telephone outlet. 

CONCLUSICNS 

The trial installation demonstrated that an under- 
carpet wirinr, system is entirely feasible. Satisfactory 
cable, terminations and installation techniques were 
established. Furthermore, the expected benefits of labor 
and material savings can be realizeo. 

One area that requires additional work is the capaci- 
tive coupling of the power conductor to the steel shield 
foil. The installed circuits fundamentally are distributed 
capacitors. This imports small leakage currents to the 
shield and can cause false tripping of the GFI's. This was 
overcome in the trial installation by using an off-setting 
lumped capacitor that fed a current equal to the leak 
current to the return side of the GFI. 

Additional trial installations are necessary to again 
experience in using the system on a day-to-day basis and 
to establish confidence in the long term reliability of the 
system. We are continuing our development and testing 
to gain this experience. 
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INSERTION FORCES AND MECHANICAL STRENGTH 

CHARACTERISTICS OF 700-SERIES CONNECTOR INSTALLATIONS 

by 

A.   T.   D'Armessa,   J.   J.   Blee,   D.   T.   Smith 
Bell Laboratories 

ABSTRACT 

The use of the 700-38 slotted beam con- 
nector for splicing various size aluminum 
and copper telephone cable conductors is 
discussed and selected joint characteristics 
are described.  The principal topics of 
interest include: connector forces, insula- 
tion piercing behavior, wire joint strength, 
and effects of component compliance during 
installation.  Force-displacement profiles 
during conductor installations in the 700- 
3B and observations on subsequently dissected 
connectors provided much of the information 
on these .opics. 

INTRODUCTION 

The 700-3B single-type connector 
(Figure 1) is used in outside plant water- 
proof telephone systems,to join either copper 
or aluminum conductors.   Connections can 
be made with any combination of wire sizes 
ranging from 26 to 17 gauge without stripping 
insulation.  The 700-3B is a three component 
connector consisting of a body, cap, and 
contact and is furnished to the craftsman 
as an assembled unit containing an encap- 
sulant compound for moisture resistance. 
Connection is accomplished with either a 
plier type tool requiring prepositioning 
of each connector or a magazine load-type 
tool with parallel clamp faces (jaws). 

This paper discusses the results of 
several studies concerned with the character- 
ization of the 700-33 connector.  These 
include (1) the insertion forces encountered 
during installation, (2) mechanical strength 
of connections, and (3) body and cap compli- 
ance effects on insulation forces and joint 
strength. 

CONNECTOR FORCES 

The insertion forces encountered dur- 
ing connection in the 700-3B were studied 
in order to: 

1. determine typical forces involved in 
the cut-through of different insulations 
and the penetration and insertion of 
the conductor into the contact; 

2. rank insulations in terms of their re- 
sistance to penetration and piercing 
by the contact element; and 

3.  evaluate the effects of installation 
temperature as it influences the behavior 
of the plastic components of connector 
and the insulation. 

Experimental Technique 

The force-displacement profile was re- 
corded for each installation of interest. 
Each test consisted of a fully inserted 
single conductor in the center wire posi- 
tion. Figure 1, of the connector; thus, force 
data were obtained for connection into the 
front and rear slots of the contact.  These 
installations were made in an Instron Model 
TM-S testing machine operated in the com- 
pression mode. A minimum of five replicate 
tests were conducted.  The strain relief 
details of the cap component, Figure 1(a), 
were removed for these tests.  This work 
was performed with 24 gauge copper conductor 
having the following insulations: 

a. Low density polyethylene for air core 
cable (LDPE) 

b. High density polyethylene for air core 
cable (HDPE) 

c. High density polyethylene for waterproof 
cable (WP-HDPE) 

d. Polypropylene for waterproof cable (WP- 
PP) 

e. Pulp 

f. Polyvinyl chloride (PVC) 

g. Irradiated polyvinyl choloride (IR-PVC) 

h.  Polyvinyl chloride with cotton serving 
(PVC/C.S.) 

The difference between HDPE and WP-HDPE is 
the diameter of the insulation; nominal dia- 
meters for these insulations are referenced 
in Figure 3,  Earlier work (not reported 
here) showed that subtle variations in insula- 
tion-contact interactions were often over- 
shadowed with larger diameter conductors 
but not with 24 gauge copper conductors. 

A typical force-displacement profile. 
Figure 2, displays several discrete features. 

276 

•■■■•■ .-^i.' ^^-^mmimmmmmm&im^-A'  ■  ; ;- ■ 

*"""^-- ' '-^- ■  ■**'"-*"*"•-Vhlni 



The curves for various conductors and insula- 
tions had the same general characteristics 
but varied in slope and amplitude.  The stage 
of insertion corresponding to each portion 
of the curve, Figure 2, was verified by in- 
terrupting the installation at points along 
the curve, dissecting the connectors and ob- 
serving the partial connections under a 
microscope. 

Of particular note, for the purposes 
of this paper, are the insulation piercing 
force and the maximum force associated with 
the insertion of the conductor.  In addition, 
displacement data obtained from these curves 
were used in describing the effects of 
compliance and installation temperature. 

Insulation Piercing Characteristics 

The force for piercing the various in- 
sulations in ambient and 0oF temperature 
installations are shown in Figure 3.  The 
piercing forces follow the tensile strength 
(also in Fiaure 3) of the insulations; high 
piercing rorces are associated with high 
strength insulations.  This relationship 
is maintaineo for both ambient and 0oF tem- 
perature irstaiNations. 

Conductor Insertion 

The force for insertion of the conductors 
into the contact wire slots, after the in- 
sulation is pierced, in ambient and 0oP tem- 
perature installations are shown in Figure 
4.  These data are arranged in order of 
decreasing ambient temperature insertion 
force; the forces associated with the in- 
stallation of the bare conductor is included 
for reference. Although all of the conduc- 
tors are 24 gauge copper, annealed to the 
same strength, it is clear that the prior 
insulation-contact interaction affects the 
force necessary to engage the conductor 
beyond the point where the insulation is 
pierced.  With the exception of pulp insulated 
conductor, the conductor insertion forces 
tend to follow the trend in tensile strength 
of the insulations. 

The insertion forces are lower at ambient 
temperature than 0UF except for the IR-PVC 
insulated conductor.  However, even the bare 
conductor requires a significant increase 
in insertion force at 0oF which obviously 
cannot be attributed to an increase in in- 
sulation strength with decreasing temperature. 
This increase in conductor insertion force 
at low temperature is due to a decrease in 
compliance (increase in rigidity) of the 
polycarbonate connector components (cap and 
body).  The effects of compliance are dis- 
cussed in more detail in a later section. 
The more meaningful comparison of 0oF inser- 
tion forces for the varying insulated con- 
ductors (Figure 4) is with the 0oF bare con- 
ductor forces.  Thus, the increases in con- 
ductor insertion forces at 0oF are signifi- 
cantly less when the compliance contribution 
of the polycarbonate is deleted. 

Effect of Insulation on Conductor Insertion 

Several points can be made in comparing 
insulation piercing data (Figure 3) with 
conductor insertion data (Figure 4). The 
data follow a logical sequence in that in- 
sulation piercing forces are lower than con- 
ductor insertion forces for the low strength 
insulations and comparable to or greater 
than insertion forces for the higher strength 
insulations.  Of particular note is the ef- 
fect of pulp on conductor insertion. The 
ambient conductor insertion forces with pulp 
are comparable to those encountered with 
the plastic insulations for waterproof cable 
and, for 0oF installations, the conductor 
insertion forces associated with pulp are 
as high as the forces encountered with the 
highest strength insulations. 

All of the insulations provide additional 
resistance to insertion of the conductor. 
This additional resistance is due to effects 
associated with stripping away the insulation 
after the insulation is pierced during con- 
ductor insertion. Simultaneous with the 
raetalworking of the conductor, the shoulders 
of the contact beams must strip away the 
insulation.  The gathering, or piling, of 
insulation on the beam shoulders as they 
move through the conductor imparts a tear- 
ing action to the insulation. The resistance 
to this tearing action is the primary contri- 
bution of the insulation to forces measured 
during the conductor insertion interval. 
It follows that tne insulation contribution 
to conductor irise; tion force would be greater 
with 26 gauge wire and less with 22 gauge 
or larger wire. 

MECHANICAL STRENGTH OF JOINTS 

The ambient temperature w re joint 
strength (load at failure) of 700-3B con- 
nections made at ambient and 20oF tempera- 
tures in a range of sizes of copper and 
aluminum conductors are shown in Figures 
5 in normal distribution form.  The joint 
failure loads were obtained directly from 
load-strain strip chart records on an Instron 
machine.  The connectors were fixtured so 
that the conductors were pulled normal to 
the plane of tht contact beams; the direction 
of pull is offset by the joggle of the wire 
through the strain relief of the connector. 
(The strain relief details were not removed 
in these tests.)  Thus, the reported joint 
strengths include the contribution of the 
strain relief towards resisting failure of 
the connection. 

Copper Conductors 

The joint strengths of 19 and 24 gauge 
Cu do not vary significantly between ambient 
temperature and 20°F connections whereas, 
the 20oF connection for 26 gauge trend lower 
than ambient temperature ones.  The latter 
variation is the result of the increased 
elastic response of the contact beams prior 
to penetration and piercing of the insulation. 
For the 26 gauge conductor, the beams spread 
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sooner in time at 20°F due to the low tempera- 
ture strengthening of the insulation.  The me- 
chanical engagement of 26 gauge conductor by 
the contact beams is less than that experi- 
enced in ambient connections, and occasional 
joint failures occur by the wire pulling 
through the slots of the contact.  However, 
there is no difference in the electrical 
characteristics of ambient and 20oF tempera- 
ture connections in 26 gauge Cu. 

The slopes of the lines in Figure b, 
indicating standard deviation, are conductor 
size-dependent.  Standard deviations increase 
with increasing conductor size (larger than 
20 gauge) and are generally the same for 
20 gauge and smaller conductors.  With ex- 
ception of the 26 gauge data, the standard 
deviations are the same for ambient tempera- 
ture and 20oF connections; the high standard 
deviation for the 26 gauge, 20°F, data is 
due to the change in the mode of failure 
noted previously. 

In summary, 
of 700-3B coppe 
the nominal ult 
the bare conduc 
17 gauge EC-A1 
the nominal ult 
bare conductor; 
strength for 20 
approximately 8 
tor strength. 

the mean wi 
r connection 
imate tensil 
tor. The me 
connections 
imate tensil 
whereas the 
gauge E^-Al 

5 percent of 

re joint strength 
s is greater than 
e strength of 
an strength of 
compares with 
e strength of the 
mean joint 
connections is 
the bare conduc- 

Aluminum Conductors 

Joint strength distributions for 20 gauge 
Al and 22 gauge Cu are shown in normal proba- 
bility form in Figure 6.  These plots are 
for two aluminum alloys (Stabiloy A and 
X8076), EC aluminum, and copper insulated 
with high and low density polyethylene. 
The data indicate that the joint strengths 
of 20 gauge aluminum conductors increase 
with increasing tensile strength and approach 
the strength of the equivalent resistance 
22 gauge Cu conductor.  The standard devia- 
tion of EC aluminum connections is slightly 
greater than those of the aluminum alloys 
while the alloys are comparble to 22 gauge 
Cu in this respect.  It is significant that 
the mechanical reliability of aluminum joints 
can approach that of copper joints. 

PLASTIC COMPLIANCE EFFECTS 

Material Properties 

Connector bodies. Figure 1, made from 
high density polyethylene (HOPE) and low 
density polyethylene (LDPE) were compared 
with the standard plastic, polycarbonate 
(PC) , to determine the effects of varying 
compliance (rigidity) materials.  (The 
typical tensile moduli for these plastics 
are:  PC-3xlO  psi, HDPE-lxlO5 psi, and LDPE- 
0.3x10  psi.)  The results show that wire 
joint strength is directly depenr* nt on the 
compliance characteristics of *• -.  plastic 
body. Figure 7.  The standard  j.astic, PC, 
produces the highest joint f rength distri- 
bution, HOPE the next highest, and LDPE the 
lowest.  In addition, the standard deviation 

in joint strength is least in connectors 
containing PC bodies and essentially the 
same in connectors containing the two poly- 
ethylene type bodies.  These data clearly 
indicate the desirability of using a rigid 
plastic for the subject body design to mini- 
mize dynamic dimensional changes during in- 
stallation. 

Temperature Effects 

The influence of temperature-related 
changes in PC plastic parts of the connector 
is revealed in Figure 8 which compares the 
normal distribution of insertion forces of 
ambient and 0oF temperature installations. 
These tests involved the insertion of bare 
24 gauge Cu into the center wire position 
of 700-3B connectors.  The PC body and cap 
parts were the only nonmetallic components; 
the moisture proofing sealant was omitted. 
The data show that temperature-dependent 
compliance of PC is a significant factor 
with respect to connector forces in low 
temperature installations.  Referring to 
Figure 4, the temperature dependence of the 
insulations may actually be secondary to 
that of the PC components. 

SUMMARY AND CONCLUSIONS 

1. Force-displacement profiles of connector 
installations contain discrete features 
associated with the interactions of the 
contact beams with the insulation and 
the conductor.  Penetration and piercing 
of the insulation are readily distinguish- 
ed from the deformation, metalworking, 
and insertion of the conductor. 

2. Force-displacement profiles can be used 
to rank insulations by piercing char- 
acteristics and to evaluate design 
changes which influence insulation pierc- 
ing and conductor insertion behavior. 

3. A direct relationship was observed be- 
tween insulation piercing forces and 
the tensile strength of the insulation. 
Conductor insertion forces are less de- 
pendent on tensile strength of the in- 
sulation and appear to be influenced 
by tear and cut-through characteristics. 

4. The standard deviations in wire joint 
strengths of copper and aluminum connec- 
tions do not vary significantly.  Joint 
strengths of 20oF copper installations 
trend lower than ambient temperature 
installations; whereas the trend is op- 
posite for aluminum. 

5. Connector compliance variations due to 
temperature, geometry, and/or materials 
are important considerations with respect 
to connector forces and wire joint 
strength in the 7C0-3B.  The rigid poly- 
carbonate plastic is more desirable as 
a cap and body material than the less 
rigid polyethylenes. 
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Figure 8 -  Insertion Force Variations  in 
700-3B Connector   Installations 
due  to Temperature Effects on 
Polycarbonate Components. 
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Advantages of Optical T-carrler Systems on Glass-Fiber Cable 

John Fulenwlder,  GTE Laboratories, Waltham,  Mass. 
George  KlUlnger,   GTE  Service Corp.,   Stamford,   Conn. 

T-carrler gives  24,  96 and 672 voice circuits at 
the Tl,  T2 and T3 rates of 1.544,  6.312 and  44.736 
megabits per  second.     T-carrler on  twisted pairs  at 
the Tl  rate  is now being used to provide many of  the 
existing  trunk circuits in telephone  companies      Op- 
tical T-carrier on glass fibers at  the Tl,   T2  and T3 
rates offers great promise for economically providing 
many of  the  future  trunk circuits.     The potential of 
this new optical technology for use in interoffice 
trunking is examined below.     The terms "T-carrler" and 
"PCM carrier"  are used Interchangeably in the  remain- 
der  of  this paper. 

Principles of Operation 

The "new components" which are used in an optical 
T-carrier system are  (1)  light sources  (2)  glass  fibers 
and   (3)  photodlodes. 

A  light  source  is a device which converts an 
electrical PCM signal  (electrical pulses)  to an 
optical  PCM signal   (light pulses).     Present  light 
sources  include  (1)   light emitting diodes  (LEDs)   and 
(2)  several  types of lasers.    Tor use in optical T- 
carrier  systems,   the light emitting diode  is  a solid- 
state device which generates wide-angle infrared 
light  In a wavelength band typically centered  about 
.85  Mm  (see Figure 1),  or thereabouts—present  com- 
mercial designs for these LEDs tend  to have a center 
wavelength  in the range of  .8-to-.9  um.     It appears 
that these  light emitting diodes can be efficiently 
used as  light  sources for optical PCM carrier  systems 
to be used  in  the telephone company environment— 
especially during the 1980-to-1985  time period.     Short- 
duration  light pulses at the Tl,  T2 and T3 rate can be 
generated by electrically pulsing a LED. 

At  a wavelength of l.Of  um,  glass fibers  gen- 
erally have a  lower value o    attenuation than  is ob- 
tained  in  the   .8-to-.9 \im wivelength band.    A de- 
crease  in attenuation approaching 1 dB/km is sometimes 
obtained at  the longer wavelength of  1.06 pm.     Light 
emitting diodes with a center wavelength of  1.06  urn 
are now being developed.    Certain types of  lasers 
(including Nd:YAC lasers and semiconductor  injection 
lasers)  may eventually displace LF?.i as light sources 

VISIBLE 
LIGHT 

SPECTRUM 
LED 

POWER 
SPECTRUM 

.7/um .85/um 

WAVELENGTH IN MICRO-METERS 

for optical T-carrier systems because repeater spacing 

can be increased substantially, but the information 
given I2lov  pertains mainly to optical T-carrler 
system, using LEDs as light sources. 

The PCM light pulses are attenuated as they 

travel down the glass fiber.  There is also a 
"spreading" or "broadening" of the PCM light pulses as 
they travel down the glass fiber—so that a light 
pulse may "smear" into the following adjacent time- 
slot. If *he following time-slot does not contain a 
light pulse, then a "bit error" may o-cur~that is, a 
"0" is sent in the following time-slot, but a "1" is 

detected. 

When the light pulses at the Tl rate traveling 
in the fiber have been attenuated by 45 dB, or when 

pulse spreading exceeds one-half of a time-slot 
(assuming half-duty-cycle rectangular pulses), then 

the light pulses will enter a repeater to be 
"regenerated."  In the repeater, the light pulses are 
directed to impinge on a photodiode. A photodiode 
Is a solid-state device which converts the PCM light 
pulses into PCM electrical pulses (this function Is 

called photodetection).  The electrical pulses are 
amplified, detected and retimed.  The retimed elec- 
trical pulses then drive a LED.  The regenerated light 
pulses (from the LED), which have been amplified back 

up to their original amplitude, enter the next section 

of glass-fiber cable. 

The 45 dB value for "loss in the glas;-fiber 
cable between adjacent repeaters" at the Tl rate is 
thought to be realistic—and it is based on studies 
of the operation of recently-designed LEDs and non- 
avalanche photodlodes; noise generated in the photo- 
diode lowers the signal-to-noise ratio, which tends 
to raise the error rate—and this limits the maximum 
dB loss which can be tolerated between adjacent re- 
peaters.  When loss in the glass-fiber cable between 

adjacent repeaters has a low value (much less than 
45 dB), pulse spreading somewhat in excess of one- 
half of a time-slot can probably be tolerated. 

The half-life of commerc 
is projected to be 10-or-more 

ing to extend this half-life) 
power output does not degrade 
ten years, this 3 dB degradat 

the engineering design specif 
"maximum loss between repeate 

a reduction In loss from 48 d 
flbPi. cable between adjacent 

lal LEDs in the year 1980 
years (work is continu- 

Assuming that light 
by more than 3 dB in 
ion can be absorbed in 
ications by reducing 
rs" by 3 dB (typically, 

B to 45 dB in the glass- 
repeaters at the Tl rate). 

A multlraode fiber can accept and transmit the 
light energy which enters the fiber at an angle (with 
respect to the fiber axis) which is less than the 
critical acceptance angle 0C of the fiber. Typically, 
about l-to-2% of the light power from a LED is trans- 
mitted down the fiber.  Figure 2 Illustrates how a 
certain percentage of the light power from the LED is 
"accepted" by a multimode step-index fiber. The fiber 
acceptance angle has a value of 20c, which Is double 

the critical acceptance angle of the fiber. 

. 

Figure  1.     Typical LED power spectrum 
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Figure 2.     Acceptance of light power  from a LED by 
a  step-index fiber 

Figure  3  illustrates  the makeup of an optical Tl 
repeacered  line.     Light pulses are unipolar  in a 
glass-fiber  cable,  while electrical pulses  are bi- 
polar in a  twisted-pair cable.    Existing channel banks 
can be used  for an optical Tl line,  but bipolar error 
detection will not be available with an optical Tl 
line.     New office terminating repeaters ana new line 
repeaters must be developed for an opticaV  Tl  re- 
peatered line. 

1                                                                                                 i 
1        /)i-^^-*^= CLADDING  
1 »»jni^            ■—*—_^CORE ^___^_-* rffrrf 
(        \/                                                 CLADDINC 

 1 
Figure 4.    Light path  in a step-index fiber 
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Figure 5.  Index of refraction has a step profile 
in a step-index fiber 

Glass Fibers in Cable 

The diameter of a multimode glass fiber is 

typically 5 mils (.005 inches). Multimode glass 
fibers are classified as step-index fibers and graded- 
index fibers. 

The step-index fiber (see Figures 4 & 5) has a 
glass core which carries the light power, with an 
approximate value of 1.5 for its index of refraction. 
A "cladding layer," with a slightly lower value for 
its index of refraction, surrounds the core.  As can 
be seen in Figure 4, the light path of a propagating 
ray (mode) is made up of a series of stralght-liue 

segments—where each end of a path segment terminates 
on the boundary between the core and the cladding. 
When a divergent light ray strikes the interface be- 
tween the core and the cladding, it is bent back 
(reflected) and continues traveling down the core 

(as Is shown in Figure 4).  Light rays which travel 
straight down the core (parallel to the center axis 
of the core) have a shorter path length than the light 
rays which are continually reflected back-and-forth 

as they travel down the core. 
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Figure 3.  Optical Tl line on f  glass fibers 

Light energy enters the end-surface of a step- 
index fiber at an infinite number of angles, but light 
energy is propagated within the core of a multimode 
fiber at distinct "grazing angles" (or angles of 
reflectlon)--due to interference effects. Only light 
rays which strike the core-cladding boundary at 
particular angles (corresponding to in. des) are pro- 
pagated within the core of a step-index fiber. Lower 
order modes correspond to ^mall grazing angles, while 
higher order modes correspond to large grazing angles. 
The grazing angle of the highest order mode which is 
propagated in a step-index fiber is called the inter- 

nal core-cladding critical angle of the fiber. A 
light ray which strikes the core-cladding boundary at 
an angle greater than the internal core-cladding 
critical angle is "lost" (will not be reflected). A 
multimode step-index fiber with a numerical aperture 

of .2 will typically propagate about 1500 modes 
within the core of the fiber. 

Figure 6 shows the path of a light ray from a 
point light source traveling through the air and 
entering the end-surface of a step-index fiber at 
the critical acceptance angle 6C.  This light ray 
may come from a LED or from another fiber. External 
light rays entering the fiber at an angle less than 
0C will be transmitted down the fiber. Angle 0^ is 
the internal core-cladding critical angle.  In a 
practical optical system the air-gap may be absent 
between the light source and the fiber.  In that case, 
one end of a "short-length coupling fiber" is bonded 

to the light emitting surface of the LED with an epoxy 
resin, and the other end of the coupling fiber is 
spliced to a fiber in a glass-fiber cable. The 
effects of an epoxy bone will not be considered here. 

The numerical aperture (NA) of a step-index fiber 
is defined by the following formula:  NA » sin 0C. 

The argle 0C is the half-angle of an acceptance cone 
for which light rays will be accepted and transmitted 

, 
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Figure 8. Log-log graph of pulse spreading 

Figure 7.  Highest order mode in the core 
of a step-index fiber 

down the core.  The parameters nj and n2 (with 
assumed values of 1.5 and 1.486) specify the index of 
refraction in the core and in the cladding. The 
mathematical relationships for the step-index fiber 
shown in Figure 6 (which has a numerical aperture of 
.2) are as follows: 

NA .2 ARR^ sin 0C = sin 11.5° 

y.66,"*^c = 11.5° 
n,   1.5 

Figure 7 shows the core of a step-index fiber 
with a numerical aperture of .2, which haf a critical 
acceptance angle of 11.5 degrees.  Light striking the 
end-surface of the core at an angle whic i is not 
greater than 11.5 degrees (measured with respect to 
the axis of the fiber) will travel down the fiber. 
The highest order mode (which will be propagated) 
corresponds to a light ray which strikes the and- 
surface of the core tt the critical acceptance angle 
of 11.5 degrees.  This 11.5° light ray is refiacted 
(bent) by 3.84 degrees as it enters the end-surface 
of the core from the air, so that the highest order 
mode has an angle within the fiber of 7.66 degrees— 
when measured with respect to the axis of the fiber. 

For the step-index fiber shown in Figure 7, 
assume that the index of refraction in the core is 
1.5 and the fiber length is 667 meters. With this 
index of refraction of 1.5, the speed of light in 

the core is 200,000 kilometers per second. The time 
required for light to travel end-co-end down the 
center of this fiber Is 3.33 microseconds, and it is 
calculated as follows: 

.667 km 
200,000 km/s 

3.33 ys 

Light which is traveling straight down the center of 
the fiber  (at 0°)  has a shorter path tiian light which 
is zig-zagging down the fiber at  7.66°   (the highest 
order mode),  and it will arrive sooner at  the far-end 
of  the  fiber than the zig-zagging  light..     The per- 
cent difference In path lengths  is   .8928%,  and  it is 
calculated as follows: 

100 X (1.00 - cos 7.66°)  =  .8928% 

Pulse spreading in this 667-meter fiber is 29.73 
nanoseconds, and it Is calculated as follows: 

.008928 X 3.33 us « 29.73 ns 

A light pulse tends to "spread out" or "broaden"' 
as it travels down the fiber, and the amount of 
spreading increases with the length of the fiber. 
Pulse spreading increases In proportion to fiber 
length out to the equilibrium length—and beyond the 
equilibrium length, the pulse spreating Increases 
in proportion to the square root of fiber length. The 
equilibrium length is assumed to be 667 meters for 
the step-Index fiber shown in Figure 7.  Pulse 
spreading as a function of fiber length is plotted in 
the "log-log graph" of Figure 8.  From ti a log-log 
graph of Figure 8, the following two formulas for 
pulse spreading in nanoseconds (ns) as a function of 
fiber length in kilometers (km) can be mathematically 
derived. 

ns » 44.64 km 

ns = 36.5 i^km 

(ku 

(km 

.667) 

.667) 

Using these two formulas, pulse spreading has been 
recalculated, and it is plotted in the "linear graph" 
of Figure 9. 

A step-index fiber will not have a perfect step 
profile at the boundary between the core and the 
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Figure 9.     Linear graph of pulse spreading 

cladding—but  instead,   there  are  Irregularities and 
some "grading" at  the boundary;   and so the actual 
pulse spreading  is somewhat  lower than the theoretical 
model  indicates   (in some cases,   up to 20% lower). 

Figure  10 shrws how a higher order mode travels 
in a graded-index fiber.    There  is a smooth bending 
of  the  light beam at each point on the path.     The 
light beam winds  its way back-and-forth  (radially, 
as it  travels down the fiber.     In graded-index fibers, 
the index of  refraction decreases with increasing 
radial distance from the center of  the fiber  (see 
Figure  11).     The index of refraction has a maximum 
value at  the center of  the  fiber,  and a minimum 
value at  the radial edge  (surface) of the fiber. 
Speed of  transmission of a  light  ray is Inversely 

Figure 10.     Light path in a graded-index fiber 
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Figure 11.    Index of  refraction has a graded profile 
in a graded-index  fiber 

proportional   to  the  Index of   refraction of   the 
material   in  which  the  light   ray  is   traveling,   so  that 
the  light  ray  travels slower  at  the  center  of  the 
fiber,  and   it   travels  faster  in  the more  radial  parts 
of   the  fiber. 

The  path   length  for  a   ll^ht  ray   traveling 
straight  down  the center of  the fiber  Is shorter  than 
the  path  length  for a  light   ray which  is  zlg-zagging 
back-and-forth as It travels down the fiber.     However, 
the  zig-zagging  light  ray  travels  faster  as   It  swings 
out  in the more radial parts of  the  fiber.     By proper 
design of   the  grading pattern,   it   is  possible  to 
obtain net  speeds for different modes which  ar-1 ap- 
proximately  equal,   so  that pulse spreading   is  small. 

Several  "grading patterns"  for   index of  refrac- 
tion have been  formulated  for  which   the net   speed  of 
a   light  ray   traveling  straight  down   the  center  of 
thp   fiber   is   almost equal  to   the net  speed   of  a  light 
ray which  is  zig-zagging back-and-forth as   it  travels 
down  the  fiber.     The pulse spreading  in experimental 
graded-index  fibers has  recently been reduced  to 
less  than one nanosecond for  a fiber  length  of one 
kilometer.     When compared to  the pulse spreading  in  a 
step-index  fiber with the same numerical  aperture, 
the pul^e spreading in a graded-index fiber  is re- 
duced  by a  factor of  25-to-30.     It   is  shown  below 
that pulse  spreading severely  reduces repeater spacing 
at   the T3 rati   v'th step-Index fibers,  but  has no 
effect with  grnded-index fibers. 

Bending of  the light beam can be explained  in 
non-mathematical terms if it  is assumed  that  the  light 
ray  shown  in  Figure  10 has  a   finite  width.     That  part 
of   the  light   ray which  is nearer  to   the  center  of   the 
fiber  travels  slower than that  part  of the   light  ray 
which is nearer to  the radial  surface of  the  fiber— 
because the  index of refraction has a graded profile. 
These slight  differences  in  speed of  the more central 
and  the more  radial parts of   the light ray  causes 
the  light  ray  to bend back toward  the center of  the 
fiber when  the light ray is  traveling in  the radial 
portions of  the fiber.    When  the light energy is 
traveling down a graded-inuex  fiber,   it  is   this "self- 
focusing" which prevents light energy from being  lost 
out  through  the radial surface of  the fiber 

At the  present time,  it  is more diffi<.ulL and 
more costly  to make graded-index fibers  than to make 
step-index fibers.    Research and development efforts 
are making  considerable progress in  finding less 
costly methods of producing high quality graded-index 
fibers—which have low values  for attenuation and 
pulse spreading.    The cost of making graded-index 
fibers may break even with the cost  of making step- 
index fibers by the year 1980. 

By mid-year in 1975  it was possible  to purchase 
10 dB/km step-index and grade 1-index  fibers  from 
several companies at prices as low as $1.50 per meter, 
and  in lengths exceeding one kilometer. 

Commercial low-loss glass fiber cable    having 
six buffered  step-index fibers, with an initial 
selling price of $13.50 per meter,   was announced  as 
an offering by a U.S.  company  in mid-1975.     Since 
then, another company has indicated  it will market a 
fiber cable—possibly by the end cl   1975.     Experi- 
mental  fiber  cable is being  fabricated by  several 
other companies,  and additional commercial  designs 
are  likely  to be forthcoming  in the near  future. 
Near-term commercial offerings may  include   (1)  fiber 
cable with  low-loss graded-index fibers,   (2)  fiber 
cable with  lower values of  attenuation and   (3)  fiber 
cable containing more  than six fibers. 
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The  cost  of   the  glass  fiber  is projected   to  be 
$.005 per  foot  by the year 1980.     This cost of  $.005 
per strand-foot  of glass fiber   is based on large- 
scale automated production of  glass-fiber cable by 
the cable companies—which will  be possible only  if 
optical   transmission  hardware   (terminals and  repeaters) 
is also available  in  large quantities at competitive 
prices   from  the manufacturers   (making entire  systems 
feasible). 

In  addition  to  "first  cost"  considerations,   the 
decreased  susceptibility of glass-fiber cable to 
water damage,   lightning and  electromagnetic   inter- 
ference makes  optical   PCM carrier on  fibers  an  at- 
tractive  alternative   to PCM  carrier on  twisted  pairs 
as a means of  providing many  future trunk circuits in 
telephone companies. 

Loss  at   Splices 

Signal  drop  at   a  splice   in  a copper  pair   is 
negligible—that  Is,   only a  few millivolts.     With 
this low loss,  many splice points can be used when a 
copper-conductor  cable   is being  placed.     This   is 
especially convenient  because  short sections of  cable 
can be  pulled   into  underground   conduit   (between 
manholes),   and  spliced   In manholes between adjacent 
sections of  the conduit.    When a highway,  street, 
railroad  track,   lake,   river or  other obstacle  is 
encountered on  a  buried  cable   route,   it  is often 
convenient  (or  necessary)   to   splice  the  copper-con- 
ductor  cable at   this   point   (obstacle).     In addition 
to  the  obstacles which  require   splice points  in  a 
bulled  cable  route,   additional   splices may be re- 
quired  because of  the   len6th  limitation on the  amount 
of  cable  which  can be  shipped  on a reel. 

For  conventional  underground construction,  where 
cables  are pulled   into  conduit,   typical spacing  be- 
tween splice  points   is   500  feet   for  large  cables  and 
1000  feet  for  small   cables.     For burled  cable  routes, 
typical   spa?lng  between splice  points  Is  1000  feet 
for urban  routes  anr"   2500 feet   for rural  routes. 

Average loss for  a splice  in a raultimode glass 
fiber has recently been reported at about  .1 dB by 
several  research groups.    By  the year 1980,   it  should 
be possible to consistently duplicate these research 
results under  field  conditions.     A splice is most 
often  formed  by  using  a splicing  connector   (or  coupler) 
which "butts  together"  the ends of  two  fibers  in a 
semi-permanent  arrangement.     Total loss in  the glass- 
fiber cable between adjacent  repeaters in an optical 
Tl repeatered  line is   the sum of  the loss  in the 
glass  fiber and   the   loss  at   the  splice points,   and  is 
limited   to A5  dB at   the  Tl  rate  when non-avalanche 
photodlodes are used.     Pulse  spreading  in a multlmode 
fiber has no  effect  on  repeater   spacing  in an  optical 
Tl repeatered  line. 

With an ave 
in a glass-fiber 
tween adjacent  s 
peater  spacing  i 
optical  Tl  repea 
given  in  Figure 
diodes  are used 
signal-to-noise 
bit-error-rate o 
(photodiode)   in 

rage  loss of   . 1 dB at a splice point 
cable,  and an  averafe spacing be- 

plice  points  of  2000 feet,  the  re- 
n miles  is  given  in Figure  12  for an 
tered   line.     The  repeater  spacing 
12 assumes  that  non-avalanche photo- 
in the optical  repeaters,  and  that a 
ratio of 21  dB   (giving a repeater 
f 10~*)   is required at  the detector 
the  optical  rtpeater. 

When  the more-expensive  avalanche photodlodes are 
used  in  optical  repeaters,   then   the values of  repeater 
spacing  given  in Figure   12  can  be  Increased by  20%— 
but   the  cost  of  avalanche photodlodes  is  too high at 
present   to Jusltfy  their  use  at   the Tl rate. 

Optical 
Tl 

Repeater Number dB dB           i 
1          Type Spacing of Loss Loss         I 
1            of in Splice in In           1 
1         Fiber 

1   10 dB/km 

Miles Points 

7 

Splices 

.7 

Fiber      1 

44.3      1 2.75 
1      5 dB/km 5.42 14 1.4 43.6     1 
1      2  dB/km 13.0 34 3.4 41.6     1 

Figure  12. Repeater spacing  in niles 
for an optical  Tl  line 

Repeater  Spacing 

Repeater spacing at  the Tl,  T2,  and  T3 rates— 
with non-avalanche photodlodes  and  avalanche photo- 
diodes—is  given below.     The  values  of   fiber  loss 
given  for  glass-fiber  cable  do  include  the  additional 
loss which may be present  from microbending of  fibers 
in  the  cable  (considerable effort  is being expended 
to minimize  the microbending  loss which will be 
present   in  commercial glass-fiber  cable).     An average 
loss of   .1  dB per splice point,   and  an average  spacing 
of   2000  feet  between adjacent  splice  points,  are 
assumed  for  the glass-fiber cable between optical  re- 
peaters.     A signal-to-noise  ratio    of 21 dB at  the 
detector   (photodiode)  is assumed,  which gives a re- 
peater bit-error-rate of  10"   .     Pulse spreading 
between adjacent repeaters  is  limited  to one-half  of 
a  time-slot   (assuming half-duty-cycle rectangular 
light pulses)—which is 323.8,   79.2,  and  11.18 nano- 
seconds  at   th^ Tl,  T2,  and T3  rates.     A  20 dB  loss  has 
been allowed  for coupling a LED to a  fiber,  and   the 
LED output  power of  light pulses  (peak power)   is 
assumed  to be 2.5 milliwatts  for commercial LEDs  in 
the year  1980. 

When non-avalanche photodlodes are used  in 
optical  repeaterr,  the total  loss  in  the glass-fiber 
cable between adjacent repeaters is limited  to 45 dB, 
36 dB,  and  24 dB at  the Tl.   U,  and T3 rates.     The 
bandwidth of a filter which passes a PCM electrical 
signal  from a photodiode  (detector)   is wider at   the 
higher bit  rates, and more noise  from the photodiode 
passes  through the filter,  so  that a stronger PCM 
signal   (less attenuation in  the fiber)   is required  to 
obtain a slgnal-to-noise ratio of  21 dB at  the higher 
bit  rates.     Figure 13 gives an allowable  repeater 
spacing of  5.42 miles at  the Tl rate,  and   .155 miles 
at  the T3  rate, when 5 dB/km step-index  fibers are 

| Repeater Spacing with 5 dB/km Step-Index Fibers | 

|                                   Allowable 
1         Typ«     R«p«at«r       dB 
1           of          Spacing     Lott 
1    Repeat«red       In            in 
1          Lin«         Miles      CabI« 

Actual 
dB 

Lott 
in 

CabI« 

Allowoble 
Pult« 

Spreading 
in 

NonoMcondt 

Actual         1 
PUIM         1 

Spreading     | 
in           E 

Nano««cond« 

Tl      5.42 45 45 323.8 108.5      1 

1        T3     .155 24 1.25 11.18 11.18         1 

Figure  13.     Repeater spacing with 
5 dB/km step-index fibers 
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|      Repeater Spacing of an Optical T3 Line        { 

1                      Repeater 
1         Type        Spacing 
1            of              In 

Allowable 
dB 

Lost 
in 

Actual    Allowable 
dB           Pulse 

Loss      Spreoding 
in              in 

Actual     1 
Pulse      t 

Spreading   1 
in          1 

1          Fiber         Miles Cable Cable   Nanoseconds Nanoseconds 1 

1         5 dB/km 
1    STEP-INDEX   .155 
1          FIBER 

24 1.25     11.18 11.18   1 

1        5 dB/km 
1 GRADED-INDEX 2.93 
1          FIBER 

24 24       11.18 2.18     1 

Figure   14.     Repeater  spacing of  an  optical  13  line 

used.     Pulse  spreading In  a step-index fiber severely 
restricts   the allowable  repeater   spacing ut  the T3 
rate.     Figure  14  shows a   repeater   spacing of  2.93 
miles  at  the  T3 rate,  and   It  is  apparent  that  graded- 
index fibers are preferred at  the  higher bit rates. 
Figure  15  gives  repeater   spacing   in miles with non- 
avalanche photodiodes  for   step-index  and graded-index 
fibers. 

At  the  T3 rate,   only   graded-index fibers will 
allow an icceptable  repeater  spacing.     Equalization 
circuits  c in  be used  to   partially  compensate  for pulse 
spreading   xn  a step-index   fiber  at   the higher bit 
rates,   but   the use  of  graded-index  fibers  is  the prt- 
fe'red  solution. 

When avalanche photodiodes  are  used  in optical 
repeaters,   the  total  loss   in  the  glass-fiber  cable 
between adjacent   repeaters   is  limited  to 54 dB,   46  dB 
and  35 dB at   the  Tl,  T2   and T3  rates.     Figure  16 gives 
repeater spacing  in miles with avalanche photodiodes 
for  step-index and  graded-index  fibers.     An avalanche 
photodiode   is presently  about  10   times as expensive 
as a non-avalanche  photodiode,   and  an elaborate 
bias  circuit   Is required  when an  avalanche photodiode 

Tl T2 T3 
Rate        Rate        Rate 

1975 step-index fiber 
(.2  NA,   10  dB/km) 

1977 step-index fiber 
(.2 NA,   5 dB/km) 

1980 step-index fiber 
(.2 NA,  2 dB/km) 

1975  graded-index   fiber 
(.2 NA,   15  dB/km,   2  nsec/km) 

1977 graded-index  fiber 
(.2  NA,   5  dB/km,   1  nsec/km) 

1980 graded-index   fiber 
(.2 NA,   2  dB/km,   1  nsec/km) 

2.75        2.20 .155 

5.42 2.90 .155 

13.0        2.90 .155 

1.87 1.48 .99 

5.42 4.40 2.93 

13.0        10.6        7.20 

Tl T2 T3        | 
Rate Rate Rate       1 

|l975  step-index  fiber 
l(.2  NA,   10 dB/km) 

3.30 2.90 .155       1 

Il977  step-index   fiber 
1 (.2  NA,   5 dB/km) 

6.48 2.90 .155      1 

Il980  step-index  filer 
l(.2  NA,   2 dB/km) 

15.2 2.90 .155       1 

Il975  graded-index fiber 
|(.2  NA,   15 dB/km,   2 nsec/km) 

2.21 1.93 1.44       1 

Il977  graded-index fiber 
l(.2  NA,   5 dB/km.   1 nsec/km) 

6.48 5.63 4.25       1 

Il980 graded-index fiber 
l(.2  NA,   2  dB/km,   1  nsec/km) 

15.2 13.2 10,3       1 

Figure  16.     Repeater spacing in miles 
with  avalanche  photodiodes 

is used.    The avalanche photodiode can be used  to  its 
greatest advantage at  the higher bit  rates   (especially 
the T3 rate)—when low-loss graded-index  fibers are 
being  used. 

The 2 dB/km value of  fiber  loss  given  for  the 
year   1980  (in  Figures  15  and  16)   is  for  a wavelength 
of  1.06 inn,  and  so it has been assumed  that  LEDs which 
operate  at  a  wavelength of  1.06  vim,   and  photodiodes 
with   improved   gain at  1.06  pm,   will  be  commercially 
avallabi?  by   the  year  1980. 

Trunk Route  Density 

Trunk route density is defined as the number of 
voice circuits (trunks) in a trunk route. Figure 17 
gives the cumulative distribution of toll connecting 
trunks  by  route  density  for  GTE  telephone  companies. 

1     ioo< 
i         90* 

1         e0' 
! CO 70i 

1 H 40' 
Li. 30 

O 20 
d*  io 

1               Oi 

TOLL CONNECTING TRUNKS 

-     
^ 

/ /^ 
  f 

/ 

/ / 

  

>/ 

1         l< 

F 
3        10 

?0UT 
O     300     1000  SOOO   100 

E DENSITY 
00 1 

Figure  15.     Repeater  spacing  in  miles 
with  non-avalanche  photodiodes 

Figure   17.     Distribution  of  toll  connecting   trunks 
by  route density 
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Percentnge of   toll   connecting trunks  by number ol" 
trunks   in  routes  can  be  deterolned   from  this distri- 
bution.     For  example,  moving  up   die   vertical   line 
with  route density   labelled  as  1000,   the distribution 
curve  is   intersected  at   i  value  of   HdZ.     This means 
that  SbZ of  GTE  toll   connecting   trunks  are distributed 
in  trunk  routes with   1000-or-less   trunks   In each  route, 
and   14%  of GTE  toll   connecting  trunks  are distributed 
in  trunk   routes witli   1000-or-moro   trunks   in each   route. 

It   appears  that  some  optical   T-carrier  systems 
operating  at   the T3   rate will   prove-in   (economically) 
within GTE  telephone  companies.     Within  the smaller 
independent   telephone  companies,   it   appears  that 
optical  T-carrier  systems  operating   at  T2-ür-lower 
rates   (Tl,   TIC  and   T2)  will  economically handle most 
of  the  forecasted  demand   for  future   trunk circuits. 
Tf  the  demand   for  picture-telephone   service or wide- 
band data  services   should   increase  dramatically  during 
the next  20  years,   then  there will   be  a greater  demand 
for optical  T'3  carrier. 

Telephone  companies  often have   access  to  routes 
(right-of-ways)  where  cable  can  be   buried.    Many 
buried  cable  routes  consist  of   1 iraited-wldth right-of- 
ways,  with only enough  space  to  bury  one or  two  cables. 
When a  buried  cable   contains  graded-index  fibers, 
then  trunk  circuits  can  be   initially   provided with 
optical  T-carrier  systems  operating   at  the Tl  rate 
(assuming  that  a small  number of  new  trunk circuits 
are  being  added  each  year),   and   in   later years  the 
T-carrier  can  be upgraded   to  T2  or  T3  operation  as 
trunk route density  continues  to   increase.     This  type 
of "expandability"  will  be  especially  attractive   if 
the glass-fiber  cable  has  a very   long working  life 
(50-or-more  years).     Shifting up   to  T3  operation  on 
graded-index  fibers   is  also  attractive as a means  to 
defer  construction   (placing)   of  new  conduit when 
underground  ducts  in a  trunk  route  become  congested 
(full  of  cables).     The additional   circuit  capacity of 
an optical  T-carrier  system on graded-index  fibers, 
which  is  obtained  by  shifting operation up  to  the  T3 
rate,  will   tend  to   look even more  attractive  if  cur- 
rent  cost   trends  continue—labor  costs  for placing new 
cable  are  rising,  while  the  cost  of   purchasing new 
carrier  equipment   is  decreasing. 

Optical  PCM Trunk Circuits 

If  2  dB/km glass  fibers  are  used,   then optical  Tl 
repeater  spacing can be  13  miles   (68,640  feet).     If 
microwave radio trunks are excluded,   then about 42% 
of GTE-to-GTE  interoffice   trunks  are   In  the  length 
range of   5-to-13 miles   (see  Figure   18),  and GTE-to-GTE 
trunks  in  the  5-to-13 miles  range  can  be provided  on 
2 dB/km glass  fibers without  any  line  repeaters being 
used—with some cost  savings   (only   15% of GTE-to-GTE 
interoffice  trunks  are longer  than  13 miles).     If no 
line  repeaters  are  required   in  a  Tl   line,   then high 
quality  trunks will  be provided   (the  bit-error-rate 
for a Tl   line without  line  repeaters   is  less  than 
10~8).    Also,   these  trunk circuits will be more re- 
liable because  no  copper  pairs  are   needed  to power 
line  repeaters—eliminating  the  possioility of  shorted 
pairs,   and  doing away with  lightning  protection 
problems. 

Many  toll  connecting  trunks which are longer  than 
13 miles will   pass   (unswitched)   through  intermediate 
offices where  optical   line  repeaters   can be powered 
from local  battery,   so  that   copper   conductors will 
not be needed  for powering optical   line repeaters 
on many  toll  connecting  trunks which  are  longer  than 
13 miles.     About  92%  of GTE-to-Bell   Interoffice  trunks 
have  "trunk  length  within  GTE boundaries"   (in-boundary 
length)  wh'ch   is  less  than   13 miles.      If GTE meets 
Bell  at   tht   GTE-Bell  boundary with  an  optical  PCM  line 

CUMULATIVE DISTRIBUTION 
OF IN-BOUNDARY LENGTH 
FÜR INTEROFFICE TRUNKS 

BY INTERCONNECTING COMPANIES 

MICROWAVE RADIO TRUNKS ARE EXCLUDED 
INTRA-BUILDING TRUNKS ARE EXCLUDED 

2    5  10 20 50 100 
IN-BOUNDARY LENGTH 

IN MILES 
Figure   18.     Distribution of  interoffice   trunks 

by   in-boundary  length  in miles 

on  2 dB/km glass   fibers—to provide GTE-to-Bell   inter- 
office   trunks—then no optical  repeaters will   be 
needed  within GTE  boundaries  in many  of   these  GTE-to- 
Bell  Interoffice   trunk  routes   (assuming  optical 
operation  along   the  entire end-to-end  length  of   the 
GTE-to-Bell   PCM  trunks).     Hence,   copper  conductors 
will  not  be used   in many of  the  2  dB/km glass-fiber 
cables which will  be  placed by GTE  in GTE-to-Bell 
interoffice  trunk  routes.     Sealing  current will  not  be 
required   in an optical   span-line  section which  passes 
across   (straddles)   a GTE-Bell  boundary   (assuming op- 
tical operation along  the entire end-to-end  length of 
the  GTE-to-Bell  PCM  trunks). 

In  an  optical   system,   the  PCM  signal   is  trans- 
mitted over glass  fibers and  the repeater  power  is 
provided  over  a  copper pair.     The  copper  pair   for 
repeater   power  is   still  susceptible   to  the  effects  of 
water  and   lightning.     For  greatest  economy   (lowest 
cost),   a   recent   proposal has  suggested   that  several 
optical   line  repeaters—at  each  repeats      p^int 
(repeater   location)—should be  powereu  rrom a  single 
pair of   copper  conductors.     Figure  19  illustrates 
this  concept  of  powering several  optical   line   repea- 
ters at  each reprater point over one copper  pair 
(this  particular  example  is  for  illustration  only, 
and   is  not meant   to  suggest  a   typical  configuration 
for  powering optical   line repeaters). 
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13 MILES 
-**- 

13 MILES 

POWERING SIX OPTICAL REPEATERS 
OVER ONE COPPER FAIR 

Figure 19. Powering six optical  line  repeaters 
at a repeater point  over one copper pair 

Figure 20 illustrates how 96 PCM circuits can 
be obtained over four Tl  lines,  and over one T2 line 
(CB » channel bank,  OTR « office  terminating repeater, 
LR " line repeater and M12 = multiplexer).    The pair 
of M12 multiplexers used with the T2  line will cost 
$6,000-to-$8,000,  but the number  of glass fibers,   li.ie 
repeaters and office terminating  repeaters are re- 
duced by a factor of four.    When  the  length of  the 
trunk circuits is  long,   then there may be significant 
cost savings by using the T2 line. 

First  Cost  Analyst«  of  T-carrier 

T-carrier systems on regular  twisted pairs at 
the Tl  rate  are now being used for  interoffice 
trunking.     T-carrier  systems cm regular  twisted  pairs 
at the TIC  rate  (48 voice channels on  two twisted 
pairs)   are becoming available.    Future T-carrier 
systems on  regular  twisted pairs at  the T2 rate 
cannot  be  ruled  out. 

Most optical T 
cable for interoffic 
telephone companies 
panics) will operate 
the next 10 years 
for interoffice trun 
companies, it appear 
systems on glass fib 
head with T-carrier 

carrier systems on 
e trunking in the 
(especially in the 
at the T2-or-lowe 

In a cost analysis 
king in independen 
s that most optica 
ers will be compet 
systems on regular 

glass-fiber 
Independent 
smaller  com- 

r  rates during 
of  T-carrier 

t  telephone 
1  T-carrier 
ing head-to- 
twisted  pairs. 

The 1980 cost of   terminals,  repeaters and multi- 
plexers  is  assumed   to   be equal  for  optical  PCM  carrier 
on fibers and  conventional PCM carrier on pairs— 
operating at  the same bit rate.    Although optical PCM 
repeaters  require  some  additional  components   (LEDs  and 
photodiodes)   and some  additional gain,   it appears  that 
less   circuitry will  be  required  for  equalization and 
retiming of   the PCM light pulses  in optical  repeaters. 

A  typical  size   for  conventional   22-gauge   filled 
screened trunk cable  is  50 pairs.     Twenty-five Tl 
repeatered lines can be provided  in a 50-palr  screened 
cable   (at  100% fill) ,  with a typical repeater  spacing 
of  7200  feet.     The  "first  cost"  of  providing  2A  PCM 
circuits using  a Tl   line  in a 50-palr  screened  cable 
and  an  optical  Tl  line   In a 50-fiber  cable will  be 
calculated   (when  service  life and maintenance  cost 

Tl 
OTR 
Tl 

OTR 
Tl 

Tl 
OTR 

MI2 T5" ms 

Tl 
LR 
Tl 
LR 
Tl 
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Figure 20. 96 PCM circuits on four Tl lines and one T2 line 
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for fiber cable can be estimated, 
desirable to use present worth of 
cost studies—rather than  first  co 
and  fibers to be used with a T-car 
be prorated on a per-system basis 
repeaters are used,   it  Is assumed 
line repeaters at each repeater  po 
over one 22-gauge pair  (13 pairs a 
optical   line  repeaters   In  the  25  o 

then  it will be 
annual  charges in 
st).     Cost of pairs 
rler  system will 

When optical  line 
that  two optical 
int  are powered 
re used  to power the 
ptlcal  PCM lines). 

Projected selling cost  for  cable  In  1980 is $.80 
per  foot for 50-palr  filled screened  cable,   $.70 per 
foot for 50-flber cable and  $.80 per  foot  for 50-fiber 
cable with 13 pairs   (for  powering optical line repea- 
ters).    The 1980 cost for placing and splicing any 
one of  these  three cables  is  taken as  $.80 per foot. 
Hence,   the 1980 in-place cost  for  cable  is $1.60 per 
foot  for 50-pair cable,   ^l.SO per  foot  for 50-fiber 
cable and $1.60 per  foot  for 50-fiber cable with 13 
pairs.    Ir is assumed  that  fiber cable contains graded- 
index  fibers with a  loss  of   2 dB/km.     Prorated  1980 
ln-place cost of pairs and/or fibers  to be used with 
a PCM line  (T-carrier system)   is  $.064 per foot for 
50-palr cable,   $.060 per foot  for 50-fiber cable and 
$.064 per foot  for 50-fiber cable with  13 pairs,  as- 
suming that 25 Tl lines will operate  in  the cable 
(cable cost is. divided by 25 to prorate  the cost of 
pairs and fibers to a per-system basis). 

Estimated  1980  in-place first  cost of 24 PCM 
circuits Is shown in Figure  21  for circuit  length up 
to  50 miles.    At  the Tl rate,  optical PCM circuits 
on  fibers have a lower value for estimated  in-place 
first cost than PCM circuits on pairs—using the 
projected  cable  costs  given  above. 

Esttir.uted  1980  in-place first  cost   (prorated) of 
24 optical PCM circuits on fibers at  the T3 rate is 
also given in Figure 21.     When circuit  length Is long, 
then estimated  1980  in-place first  cost of 24 optical 
PCM circuits on fiber.; is  considerably lower at the 
13   rate than at  the Tl rate.    With a moderate trunk 
circuit growth rate,  optical PCM operation at the T3 

ESTIMATED 1960 INSTALLED FIRST COST 
OF 24 PCM TRUNK CIRCUITS 

Loss in Glass Fibers is 2 dB/km 
40t Repeater Spacing with Poire is 7200 Feet 

0       10      20      30      40      50 
CIRCUIT LENGTH IN MILES 

}     ESTIMATED 1980 INSTALLED FIRST COST   j 
1     OF 24 Tl TRUNK CIRCUITS (Length «15 Miles) 1 
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Figure 22.  In-place cost of 24 Tl circuits 

rate may not look quite as good when "present worth of 
annual charges" are being compared—because some in- 
vestments (equipment costs) can be deferred for a 
period of time when the smaller-capacity optical Tl 
lines are being used. 

With a circuit length of 15 miles and the pro- 
jected cable costs which are given above, estimated 
1980 ln-place first cost of 24 optical Tl circuits on 
fibers is shown in Figure 22. Fiber loss varies from 
0-to-20 dB/km.  Estimated 1980 ln-place first cost of 
24 Tl circuits on pairs Is shown for comparison. 
When fiber loss in dB/km is 8-or-less, the first cost 
of optical PCM circuits on fibers is lower than the 
first cost of PCM circuits on pairs. 

Optical PCM carrier on glass-fiber cable gives a 
more reliable circuit, because it is immune to 
electromagnetic interference. The bit-error-rate of 
an optical PCM line with low loss fibers is decreased, 
because fewer line repeaters are used (fewer line 
repeaters also tends to increase the reliability of 
the optical line).  For these reasons, it is expected 
that demand for optical T-carrier systems by telephone 
companies will appear when the projected fiber cable 
costs (given above) can be met, and when fiber loss in 
dB/km is 8-or-less (8 dB/km glass-fiber cable is now 
becoming available). 

A fiber loss of 2 dB/km will be even more attrac- 
tive—because of the additional cost savings, and 
because many trunk circuits can be provided over 
optical PCM lines without using optical line repeaters. 
When optical line repeaters can be eliminated, then no 
pairs are needed in the glass-fiber cable—and so the 
glass-fiber cable will be immune to the effects of 
water and lightning, which gives more reliable trunk 
circuits. Also, when optical line repeaters are not 
being used, then the glass-fiber cable can be buried 
adjacent to power cables (without separation)—and 
switching transients in the power cable will have no 
effect on the operation of the optical PCM lines. 

Figure 21.  In-place cost of 24 PCM circuits 
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Equalization and Jitter  In a Tl Line 

The amplitude of  the power spectral density of a 
bipolar electrical Tl  signal has  its maximum value at 
772  kllohertz—and most of  the signal power  is con- 
tained   in a frequency  range   (bandwidth)   of   roughly one 
megahertz about  this center  frequency of  772 kllohertz. 
The attenuation of a  twisted  pair varies  considerably 
over  this frequency  range,  and  this  results  in distor- 
tion of  the electrical Tl  signal  as   it   travels down 
the  twisted pair—unless  frequency equalization is 
used.     The attenuation of a glass  fiber  is essentially 
flat  over  the baseband  bandwidth of  a unipolar optical 
Tl  signal—and baseband   frequency  equalization for 
amplitude  is not  needed when  glass   fibers  are being 
used. 

Since a glass  fiber  Is  relatively  immune  to elec- 
tromagnetic Interference,  "jitter" may be reduced when 
PCM  light  pulses  are being  transmitted  on  glass  fibers, 
and  the retiming of PCM  light pulses may be more 
accurate and less complicated  in optical  repeaters 
than  the retiming of  PCM electrical pulses  in conven- 
tional  repeaters. 

Error  Detection and  Spare  Span-Line  Switching 

A conventional Tl repeatered line alternates the 
polarity of  the plus-and-mlnus electrical pulses which 
are  transmitted down a cable pair.     When two adjacent 
(non-zero) pulses are determined  to have  the same po- 
larity,   a "bipolar  error"   is  detected.     When  the 
measured value of  the bipolar error rate exceeds the 
"critical value"  it  (1) will  trigger an alarm and 
(2)   can cause spare span-line switching  to occur. 

Light pulses  in  a glass  fiber  are  unipolar,  and 
"bipolar error detection"  is  lost.     Since a commercial 
PCM carrier system should have accurate error detec- 
tion,  a commercial optical T-carrler system may trans- 
mit  "parity bits"  for error detection. 

Parity bits can be Inserted  (and checked) bv M12 
multiplexers for error detection on optical T2 lines. 
Parity bits can be  inserted by M13 and M23 multiplexers 
for error detection on optical T3  lines.     For error 
detection on optical Tl  lines,  parity bits may be in- 
serted  by channel  banks   (a  "new code"   is  needed),  or 
by Tl office terminating repeaters. 

Development & Evaluation of  an 
Experimental Optical  Tl  System 

Present plans call  for an experimental optical Tl 
line  to be installed and evaluated  In GTE in 1976. 
This  experimental system is being developed and evalu- 
ated  as a joint project by GTE Laboratories,  General 
Cable Corporation,  GTE Lenkurt,  GTE Service Corpora- 
tion and a participating GTE  telephone company.    The 
knowledge galned  from field  evaluation of  the experi- 
mental system will provide data to be used  in the 
developmert of future cost-effective  coramercial 
optical Pv. . systems. 

The experimental system will  be evaluated  (1)  in 
tne  laboratory and   (2)   in the  field.     The  laboratory 
evaluation will establish that  there  is proper opera- 
tion and a high  level of  reliability  in all  transmis- 
sion hardware of  the experimental  system.     The field 
evaluation will verify  the  reliability and proper 
operation of the  transmission hardware and  the glass- 
fiber  cable  in  the   field  environment   of   the  telephone 
company—and evaluate field  techniques  for pulling 
fiber cable into ducts,   splicing of   fibers,   etc. 

Conclusions 

A  considerable  amount  of  time  and  effort   Is 
needed  in the development of optical transmission 
hardware  and  glass-fiber  cable.    Although  some  prob- 
lem areas remain  to be worked out, development   Is 
proceeding at  a  rapid  pace. 

By  the year 1980,   optical PCM carrier operating 
on glass-fiber  cable  should be economically  competi- 
tive with PCM carrier operating on twisted-pair  cable 
as a me.ms  for  providing many new circuits  in  the 
telephone company  trunk  plant.     In addition  to  "first 
cost" benefits,   commercial optical PCM carrier systems 
on  glass  fibers  will  provide higher quality   trunk 
circuits—which  are more  reliable and  require  less 
maintenance  than  conventional  PCM carrier  systems  on 
twisted  pairs. 
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THERMOPLASTIC  POLYESTER COPOLYMERS AND THEIR BLENDS WIT!» 
VINYLS  FOR MOLDED AND  EXTRUDED ELECTRICAL  APPLICATIONS 

Morton Brown 
E.   I.  du Pont de Nemours  & Co. 
Elastomer Chemicals Department 

Wilminqton,  Delaware 

Introduction 

A family of novel  segmented copolyesters 
has been developed  by  the Du Pont Co.   and 
introduced to the market place under  the 
trademark "HYTREL."    These polymers have 
many of  the characteristics of  rubbers, 
but are designed for processing on thermo- 
plastic extruders and  injection-molding 
machines.    Since the commercial announce- 
ment a  series of papers dealing with 
various aspects of copolyesters  have been 
published.  "5 

This paper reviews this group of commer- 
cially  important copolyether esters derived 
from terephthalic acid   (T),   polytetra- 
methylene ether glycol   (PTMEG)   and  1,4- 
butaneciol   (4G)   having  the generalized 
structure shown in Figure 1.     The polymers 
possess a two-phase structure of continuous 
and  interpenetrating crystalline  and 
amorphous phases.     The crystalline phase, 
designated 4GT in Figure 1,   serves as 
thermally reversible tie-points which 
behave  in a manner  similar  to chemical 
cross-links.    The amorphous phase   (PTMEG-T) 
contributes the elastomeric character to 
the polymer series.     The relative propor- 
tions of  the two phases determines the 
hardness, modulus,  melting point,   chemical 
resistance and permeability. 

Physical Properties 

The  two-phase structure of  these copoly- 
esters  is shown in Figure 2,  a  thermogram 
by differential  scanning colorimetry  for a 
copolyester of 55 Durometer D hardness and 
which contains 58  wt.   % of  4GT hard 
segments.     The scan reveals two  transitions, 
a glass  transition   (Tg)   of  the amorphous 
phase  at about -50oC   (-580F)   and  a well- 
defined crystalline melting point at about 
200oC   (392"^).     This combination of a  low 
glass-transition temperature and a high 
crystalline melting-point  is characteristic 
of  these polyesters and is  in part respon- 
sible  for the broad service temperature 
range of  this class. 

Typical  physical properties of copolyesters 
as a  function of melt point and     hardness 
are shown in Table I.     Polymer properties 
can be varied widely,   spanning  the range 
from hard rubbers of  90 Durometer A to 
tough elastoplastics of 72  Durometer  D. 
The entire family of copolyesters has 
solenoid  brittle points below -70oC   (-940P) 
and their low-temperature  impact  strength 
and  toughness make  them  ideal  candidates 
for  low-temperature applications.     They 
also have exceptional   "hot strength" with 
the polymer at 58%  4GT still possessing a 

tensile strength of 13.R   MN/m    (2000 psi) 
at 1750C   (3470F)•     Another  example of  their 
excellent thermal performance is indicated 
in Figure  3  which  illustrates the effect 
of temperature on creep response at several 
tensile stress levels.     Here creep strain 
is defined  as the difference between the 
strain after 1000 hours at constant load 
and  the strain after 1 minute. 

Heat and Chemical  Resistance 

Unstabilized copolyesters of this type are 
subject to degradation under dry heat 
renditions  by oxidative  attack on the 
polyether  backbone.    Commercial grades are 
supplied with phenolic or aromatic amine 
antioxidants^ and a specially-stabilized 
composition  is now available having a 
further 3~5X improvement  in service life 
over  the compound  stabilized by an aromatic 
amine   (Table II). 

Table  III  summarizes the  superior resis- 
tance of these copolyesters with different 
stabilized  systems to ASTM No.  1 and No.   3 
oils at 150oC   (302oF).     Competitive 
materials of similar modulus characteristics 
such as thermoplastic urethanes and 
plasticized nylon,  generally fail  in less 
than 1 week exposure at  such temperatures. 

Environmental Resistance 

The copolyesters of this class have 
inherent resistance to  fungus and mildew 
and require no further  stabilization.     For 
protection against photo-degradation 
efficient UV absorbers,   either chemcal or 
pigmentary,   are required.    Properly 
stabilized,   such compounds have retained 
70% of their original  tensile properties 
after  2 years of  Florida exposure. 

The hydrolytic  stability of these poly- 
ether esters is very good at temperatures 
<70,,C   (1580F).     At higher temperatures 
hydrolytic  stability can be significantly 
enhanced  through the incorporation of 
polycarbodiimide  stabilizers.    A 55 
Durometer D polymer stabilized in this 
fashion retained  64% of  its original 
tensile strength and  98% of its original 
elongation after  6 months  in boiling water. 

Processing 

Characteristic of the entire class of 
polyether  esters  is the combination of a 
sharp melting point   (Figure 2),  a definite 
heat of  fusion,   a low melt-viscosity and 
a strong dependence of viscosity upon 
temperature.     Figure 4   shows the apparent 
viscosity vs.   shear rate relationship for 
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for a   55  Durometer D polymer at two melt 
temperatures.    Note that at  2250C   (437"F) 
the polymer viscosity  is almost Newtonian 
over a  broad shear range while at  2150C 
(4190P)   a more typical  melt  flow curve  is 
obtained with strong  shear  rate dependency. 
In both cases,  however,   the  absolute value 
of  the  viscosity is  low.     Figure   5  shows 
the strong dependency of viscosity on melt 
temperature.     Fjr  the  63  Durometer  D compound 
a  temperature variation of  280C   (50oF) 
causes  a  5X variation  in viscosity. 

While  the  low viscosity of  these copolyesters 
is of  advantage  in  injection-molding,   the 
strong dependency of viscosity upon  temper- 
ature  requires precise temperature control 
in extrusion applications to achieve proper 
control  of caliper.     This presents no problem 
to  those  already familiar with the extrusion 
characteristics of  6/6 nylon.     Preferred 
screw designs have L/D ratios of  at least  20, 
compression ratios of  at least  3:1  and  have 
a gradual compression  zone comprising at 
least  1/3 of the screw length.     The so- 
called  polyethylene screw fills  these 
requirements. 

The entire series  is mildly  hygroscopic, 
absorbing about 0.3% moisture at  equilibrium 
in  50%  relative humidity.     Safe processing 
requires  levels of  0.1 max.,   a level easily 
achieved  through the use of dehumidifying 
hopper  driers. 

Flame  Retardancy 

Additives  to enhance flame  retardancy of 
these  polymers are available which  increase 
the  limiting oxygen index   (ASTM-D-2863)   to 
30-32 and which have a  flame resistance 
rating  of VE-II by the  UL-94  tests.     Efforts 
are underway to prevent dripping during  the 
test and  thereby attain a VE-0 rating. 

Flame  retardant PVC compositions  containing 
combinations of antimony oxide and  phosphate 
ester  plasticizers can  tolerate the addition 
of up  to 25% uncompounded copolyester with- 
out  significant change  in the limiting 
oxygen   index or  in the  UL-94   test results. 

Electrical Applications 

Some representative electrical properties 
are  shown  in Table  IV.     The  electrical 
properties of these polyesters show rather 
low sensitivity to moisture.     The values 
for  SIC and volume resistivity are comparable 
to  those  for nylon and  Polyurethane and  are 
thus   inferior to non-polar  polyolefins  and 
fluorocarbons.     For this reason their use 
as  insulators  is  limited to  low-voltage, 
low frequency applications. 

In addition to 
jacket for oil 
power cable and 
some injection- 
in Figures 6-8. 
cable connector 
molded in one p 
by  its  combinat 

applications  as an  extruded 
well  logging  cable,   portable 
insulation  for coiled cords, 

molded applications are  shown 
Figure 6  shows a  snap-fit 

housing.     It  is  injection- 
iece and  is distinguished 
ion of  high-temperature creep 

resistance and low-temperature impact 
strength.     Figure  7   shows an  injection-molded 
panel connector cover.     Both connector covers 
are molded with additive  to give an oxygen 
index   (ASTM-D-2863)   of   26-27.     Finally, 
Figure 8  shows a  glass-filled composition as 
an electrical connector.     Here the glass 
filler greatly  improves  the high-temperature 
creep characteristics and  permits the 
assembly to maintain a  tight connection at 
temperatures above  200oF. 

Modification of  Plasticized  Polyvinyl 
Chloride  

PVC compounders have  long  had goals  to 
improve the  following combinations of 
properties  in their  products. 

1. Heat resistance 

2. Low temperature flexibility and impact 
strength 

3. Compression  set resistance 

4. Resistance  to oils and fuels 

5. Resilience 

6. Non-migration of  compounding 
ingredients 

Generally,   improvements  are made through  the 
use of  plasticizers and  compounding  ingred- 
ients,  or combinations  thereof.    By means 
of  the addition of  these  thermoplastic 
copolyesters^  all  these properties can be 
improved,   the degree of   improvement being 
directly related  to  the  level of copolyester 
used. 

Blending studies with PVC compositions have 
been restricted to the  4 0 Durometer  D 
copolyester.     It melts  at  17 60C   (even lower 
when solvated by plasticizer),  a convenient 
temperature  for PVC compounding.     Higher- 
melting copolyesters have been used,  but 
they murt be fluxed at temperatures at the 
upper end of  the PVC temperature processing 
range and so are not  safely used. 

Whi ie most of the laboratory data reported 
here are derived  from Banbury-mixed 
compounds using pelletized copolyesters, 
powdered copolyesters  have also been used 
successfully.     Because of the large number 
of plastic  processors using resins  in the 
powdered form,  one obvious advantage of 
using powdered polymers  is the familiarity 
of processors with this particle form,   as 
well  as the ability to use  such powders  on 
plastic extruders,   injection molders and 
other existing process  equipment.     The 
powdered form provides  easier handling 
(free-flowing and  pourable)   and the uniform 
particle size provides quicker and more 
homogeneous dispersions  at lower energy 
input  than can be obtained through Banbury 
mixing. 
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First experiments in this field involved 
the blending of the 4 0 Durometer D 
copolyester with a general-purpose, fully- 
compounded flexible vinyl extrusion compound 
of 7 5 Durometer A.  It was apparent (Table 
V) that ciroounts of polyester as low as 25% 
in the blend produced considerable improve- 
ment in tensile and tear strengths, 
flexibility, and impact resistance at low 
temperatures, as well as in heat distortion 
at 1210C.  It is most significant to note 
that, although increasing amounts of 
copolyester increase the hardness and room- 
temperature torsional modulus of the blend, 
the low temperature flexibility is steadily 
improved by increasing levels of copoly- 
ester. 

Similar blends have been prepared (see 
Table VI) using a 90 Durometer A vinyl 
compound for use in wire and cable jackets, 
characterised by a plasticizer combination 
provid.ng permanence (low volatility and 
extractJ.bility) as well as low temperature 
fle-iibilvty and resistance to heat 
distortion.  Again, the addition of the 
copolyester further improves heat 
distortion, low temperature flexibility 
and provides sufficient permanence to 
greatly upgrade the performance after heat 
aging for 7 days at 1210C. 

We have SH ;n in the above cases the results 
of adding cooolyester to ci plasticized 
vinyl, and, in effect, maintaining the 
plasticizer/vinyl ratio constant.  If a 
series of blends are prepared using instead 
a constant ratio of plasticizer to total 
resin (vinyl plus polyester) , some very 
subtle effects can be observed.  As an 
example, we have chosen the following basic 
formulation based on 3 0 phr of DOP based or. 
total resin: 

PVC Homopolymer 100-x parts 
Copolyester (40 Durometer D) x parts 
DOP 3 0 parts 
Epoxy Resin 5 parts 
Whiting 20 parts 
Ba-Cd Stabilizer 1.5 parts 
Phosphite Stabilizer 0.5 parts 
Stearic Acid 0.3 parts 

and permitting x to vary from zero to 50. 
Results are summarized in Figures 9 through 
12 wherein the data are presented as a 
function of x. 

Fi.'.'st, it is apparent that both hardness 
and modulus are determined primarily by 
the DOP/vinyl ratio, with the copolyester 
having little effect in this composition 
range (Figure 9).  Increasing copolyester 
levels make the blend more flexible at 
both room temperature and at subnormal 
temperatures (Figure 10) .  As would be 
predicted, the increasing DOP/vinyl ratio 
in this series makes the blends less- 
resistant to oil and fuel extraction; 
swell values change from slightly positive 
levels to negative values, consistent with 
the presence of the nonomeric plasticizer 

('igure 11).  As shown in earlier work, 
brittle point is lowered with increasing 
copolyester content. 

The most striking change in properties 
occurs in the heat distortion characteris- 
tics (Figure 12).  Increasing copolyester 
levels will lower the heat distortion 
(ASTM D-1047, 1210C) value at 2000 g. load 
from over 60* with no copolyester to 18% 
where x = 50.  Similarly, the heat 
distortion values at 500 g. load are reduced 
from above 20% to below 4% at x = 50. 

This improvement in heat resistance is of 
great importance in the wire and cable 
industry.  Generally, greater flexibility in 
PVC compounds can be realized only at the 
expense of heat distortion resistance. 
These copolyesters permit the formulation 
of lower Durometer PVC compounds of improved 
high ana low temperature properties. 
Additional applications are under developr 
ment which make use of the upgrades proper- 
ties of PVC-copolyester blends. 

Modification of Rigid Vinyl Compounds 

Addition of small amounts of the lowest- 
melting 40 Durometer D copolyester to riqid 
vinyl compounds will enhance impac'; strength 
(Table VII) while improving extrusion and 
injection-molding characteristics (Table 
VIII),  As little as 5 parts copolyester/ 
100 of PVC lowers the equilibrium torque 
during mixing, lowers the viscosity and 
permits processing with a lower degree of 
shear heating.  These characteristics have 
significance for diversified end products 
as wire and cable jackets and molded 
electrical connectors. 

Summary 

Polyether-ester copolymers have a combin- 
ation of flexibility, toughness, oil and 
fuel resistance and resistance to environ- 
mental extremes which make them of interest 
for molded and extruded electrical goods. 
Important among these applications are 
cable jackets for specialty applications 
as well as injection-molded electrical 
connectors and covers. 

Blends with flexible PVC extend tl'. temper- 
ature use limits of vinyl, while blends 
with rigid PVC improve impact strength as 
well as processability. 
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TABU I 

mm pmwies OF cmimms 

63D DUROMETER HARDNESS, 92A »SO 72D 

MELTING POINT,'C. 176 2^Z 212 218 

SPECIFIC GRAVITY 1.15 1.20 1.22 1.25 

TENSILE STRENGTH, MN/m2 38.9 435 46.9 41.3 

ELONGATION AT BREAK, % 810 760 510 395 

FLEXURAL MODULUS, MN/nt2 44.1 206 345 517 

IZO0 IMPACT, NM/cm (NOTCHED) 

22«C. HO.6 > 10.C> HO.6 >I0.6 

-40'C. >I0.6 >I0.6 0.5 0.4 

GARDNER IMPACT, N-Cffl, -40*C. )I8I0 >I8I0 1040 930 

% VOLUME SWELL 

ASTM»3 OIL, 7d/l00,C. 22.0 12.2 6 6 3.2 

Wtt 1 

Biographical Note 

Dr. Brown received his Bachelor's degree at 
Cornell University and his Ph.D. degree 
from M.X.T. He joined the Du Pont Company 
in 1957.  After serving as a Research 
Chemist in both the Central Research Dept. 
and the Elastomer Chemicals Dept., he 
joined the Sales Division of the latter 
department and has been associated with 
HYTREL® polyester elastomer since its 
inception. 

mr Mm mmmism or 55 mmtm D moimms 

HEAT AGING TEMPERATURE 

149 «C 163 •c 177 »C 

TYPE OF STABILIZER DAYS 70 FAILURE. 180* BL 

NONE <l - 
HINDERED  PHENOL 6 - 
AROMATIC AMINE 17 8                  3 

SPECIAL  STABILIZER SYSTEM 80 35                 9 

TABLE M 
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HOT OIL misTAMi OF 5s moMWt D moimms 
{ASTM T)-4V) 

STANDARD GRADE SPECIAL HEAT 
AROMATIC AMINE STABILIZED) STABILIZED GRADE 

ASTM N0.I OIL/ISO'C 
IWEEK 

TENSILE STRENGTH, MN/m2 17.1 33.5 
ELONGATION AT BREAK, % 180 660 
% VOLUME INCREASE 2.0 1.6 

3 WEEKS 
TENSILE STRENGTH,MN/m2 DEGRADED 27.6 
ELONGATION AT BREAK,% 630 
% VOLUME INCREASE 1.5 

ASTM NO. 3 0IL/I50'C 
IWEEK 

TENSILE STRENGTH, MN/mZ 16.6 29.8 
ELONGATION ATBUEAK,« 120 730 
% VOLUME INCREASE 19.9 18.0 

3 WEEKS 

TENSILE STRENGTH, MN/m2 DEGRADED 24.2 
ELONGATION AT BREAK, % 320 
% VOLUME INCREASE 183 

mm. k«tfctettiaMlMÜIid dttMÜ IBJBMMMMiiaMiMMtflhliiaflfaJili—-|-iil„-iiff>Tffl-i-|-r,T  inrmtn'l ■! i.     II 
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rmi E uhtm 
mmicAL pfmms OF rmmusnc mmmrm imcj srmew OF m/mowsm sum I« 

72'F {22'C) IZOO IMPACT STRENGTH, 0.32cm ,NOTCHED 

HARDNESS. DUROMETER 0 NM/cm , ASTM 0 256 

ASTM-D 40 55 63 

DIELECTRIC STRENGTH , 72^(22*0 32^ (O'C) O'FMS'C) 

VOLTS/mm 

50% RH. 

100 % R H 

149 
3540 

3410 

3320 

2950 

3210 

3090 

COPOLTESTER 40 DURO 0 

PARTS/lOO VINYL 

0 I.I 

POWCR FACTOR, I03HZ , % 

50 % R. H. 

100 % R.H 

ISO 
0.66 

0.77 

0.82 

0.87 

0.80 

0.91 

5 

10 

4.7 

10.0 

1.4 

1.5 

0.9 

II 

il«,   IO'HZ 

50% RH 
100% RH 

150 
5.97 

6.01 

4.6 

4.9 

484 

4.96 

15 

20 

>I0.6 (NBI 

>I0.6(N6I 

2.1 

2.4 

1.5 

1.5 

VOLUME RESISTIVITY, OHM 
50% RH 

100 % R H 

CM          257 

2.25« 10'3    "5.6 >I0'3 

1.11 "10"    3.0" 10" 

1.43 «lO13 

1.01 • 10 ^ 

** SEE  TABLE m  FOR COMPOSITION OF BLENDS 

TABU T 

sims OF copoimm ao DUM.D) WITH COMPOUHDID vim (75 mo. A ) 

PVC (75AI 

COPOLVESTER ( 40 DURO. D i 

HARDNESS, A DUROMETER 

TENSILE STRENGTH, MN/m^ 

EB,% 

BRITTLE POINT, «C 

HEAT DISTORTION , % 
121^/2000 g. LOAD 
ASTM  D-1047 

TORSIONAL MODULUS, MN/m2 

22 «C 

-IB'C 

TEAR  STRENGTH , KN/m 

ASTM   D-624 
DIE C , 22*0 

YERZELEY RESILIENCE, % 

 A_ 

100 

75 

13.3 

175 

-38 

IS.6 

6.4 
366 

47 6 

26 

B 

75 

25 

60 

14.6 

200 

-44 

8.5 

6.55 
152 

54.2 

48 

L 

60 

40 

84 

17.1 

280 

BELOW -60 

8.3 

6.92 
99.1 

55.7 

50 

50 

83 

18.1 

380 

BELOW • 

5.5 

60 

7.85 
58.6 

64.0 

50.0 

TABLE mr 
eommm IMP) AS A pmissme AID IH SISIV vmn 

BUBCHm PLASTICOmt (/) 

EOUIL. TORQUE, COPOLYESTER 

PARTS/100 PVC 

0 

5 

10 

20 

m-gm 

1700 

1650 

1600 

1500 

TEMP. CO 

199 

196 

195 

192 

DEGRADATION   VISCOSITY 

TIME.MINS     POISE   (21 

17 

31 

40 

40 

8600 

7300 

6800 

6100 

COMPOUND: PVC HOMOPOLYMER 100 

:0P0LYESTER 40 0 VARIABLE 

TIN MERCAPTIDE STABILIZER 1.45 

TIN CARBOXYLATE STABILIZER      1.45 

POLYETHYLENE WAX 0.35 

GLYCERYL MONOSTEARATE 3.4 

TITANIUM DIOXIDE 11.61 

(II BRABENOER PLASTICORDER CONDITIONS: 60RPM, 375'F (I90*C) 

(21 PISTON RMEOMETER CONDITIONS: 375'F (190*0, L/D«I6, 1400 SEC. 

ma m 
BLCHDS OFCOPOLYESTFR UODUMP) WTH mPOUHPFD Vim {90DUP0.A) 

PVC (90A) 

COPOLYESTER ( 40 DURO. 0 ) 

HARDNESS, A DUROMETER 

TENSILE  STRENGTH, MN/m? 

ELONGATION AT BREAK, % 

BRITTLE POINT, »C 

HEAT DISTORTION, % 
121 'C/^OOO J  LOAD 

TORSIONAL MODULUS, MN/m' 
22'C 

-IB'C 

BASHORE RESILIENCE, % 

AFTER  7DArs/l2l'C 

TENSILE STRENGTH, MN/m2 

ELONGATION AT BREAK, % 

BRITTLE  PT 'C, FAILURE 

100 75 60 50 
— 25 40 50 

90 90 91 90 
22.3 18.0 179 17.7 

280 345 540 650 
-50 BELOW ■ 60 BELOW -60 BELOW   6 60 

127 11.3 138 15.2 
398 214 114 55.8 

15 28 38 44 

32.9 19.3 14.9 14.0 
220 290 390 520 
-17 -50 BELOW - 60 BELOW 

mm / 

0 0 

O-fCHj^-O-cQ-C- 

4GT 
HARD SEGMENT 

M.W. 220 

0       0 

0(CH?CH2CH2CH2Of-cQ-C  

PTMEG/T 

SOFT SEGMENT 
M.W. (132 
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mm 2 

95 OURO. D COPOLYESTER 

EXO 

AT 

tNDO 

-100 -50 150 200 
TEMHERATURE , *C 

290 300 

in 
ui 
5    lO3 

a. 

vt 
s in 
> 

10* 

103 

mm 4 
APPAUHT VISCOSITy VS. SHEA* Uli 

55 MM. D COPOmSTE* 
L/D'i6 

]r 

l ^18 «C 

c 
^^^- -. 

r 

- 225'C \ 

^ 

= 

i   i i um        i  in        i    i i HIHI     i   l l 1 
10 I02 

SHEAR RATE, SEC-1 

I03 

mm 3 

EffECT OF TEMP. OH CUtP miSJAHCE 
( 55 OUROMETER 0 COPOLYESTER ) 

K 
»- 
< 
QC 
UJ 
Q. 

12 3 4 

CREEP STRAIN. % AT 1000 HRS. 

I05 

8 

6 

4 

to 
ui 
v, 
o a 

o o 

UJ 

2 a. 

10* 

?   ■ 

FimE 5 

mmiTY VS. TEMPEWURE 

ACRVLIC-EXTRUSION 
GRADE 

J92A/40P 
COPOLYESTER) 

I03 

350 
(177) 

HOPE 
EXTRUSION 

GRADE 

X 
400 

(204) 

6/6 NYLON 
EXTRUSION 

GRADE 

(630 
COPOLYESTER) 

X X 
450 

(232) 
500 

(288) 

TEMPERATURE •F CO 
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SNAP ■ F/T CABLE CONNECTOt 
ELtCWCAL CONMCm 

( 6LASS - FILLED COPOLUSm ) 

flGURE 7 

PANEL mmm com 

FIGUtE 9 

BLENDS OF PVC AHD COPOLiESTEIt {40D) 
HAkDNESS AHD MODULUS VS. COMPOSITIOH 

50 

45 
o 
K 

40 

a 
BC. 
< 

35 

30 

25 

PVC 
COPOLYESTER 
OOP 
EPOXV RESIN 
LUBRICANT 

WHITING 
ao-Ctf STABILIZER 
PHOSPHITE STAB. 
 1 l_ 
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sum of m AND copomsm (m) 
TOkSIONAL MODULUS VS. COMPOSITION 

-I 
Q 
O s 

§ 
w 
ft o 

6 i -40 "C ^.^^ 

4 - 

COMPOUND                               ^S,,s^(^ 
Ü PVC                      100 - X                        ^S^ 

COPOLVESTER (<00) X                               ^^ 

i«2 DOP                             30 
lUN — EP0XY RESIN             5 

" LUBRICANT                 0.3 

6 _ WHITING                    20 
r Ba-Cd STABILIZER    1.5 

4 PHOSPHITE   STAB.    0.5 

2 i- 228Cv. 

10 r ^^^—^^^^ 

6 - - 

4 - 

2 - 

10 20 

X 

30 40 50 

♦ 10 

+ 5 

BLEHDS OF PVC AND COPOlHESm (40D) 
VOLUME SWELL VS. COMPOSITION 

HI 

5 

■10 

FUEL B, 70/22*0 

ASTM NO. I 
70/22*0 

COMPOUND 

PVC 100 - X 
COPOLYESTER t 400)  X 
OOP 
EPOXY RESIN 

LUBRICANT 

WHITING 
Bo-Cd STABILIZER 
PHOSPHITE STAB. 

i L 

30 
5 
0.3 

20 
1.5 
0.5 

O a 

«*  |s- 

i« O 

O _ 

CO 
Q 

l- 
<t 
LU 
X 

pirns 12 

BLENDS OF PVC AND COPOLYESTFP (40D) 
NEAT DISmilON {ASTM-D-1047) VS. COMPOSITION 

50 

40 

30 

co      20 

10 - 

20009.\LO/>0 

500 g. LOAD 

j  

10 20 

COMPOUND 

PVC 100 - X 
COPOLYESTER!40D) X 
OOP 
EPOXY RESIN 
LUBRICANT 
WHITING 
aa-Cd STABILIZER 
PHOSPHITE   STAB. 

30 
5 
0.3 

20 
1.5 

0.5 

30 40 50 

10 20 30 40 50 
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II. 

ORGANO TITANATE COUPLING AGENTS FOR FILLED POLYMERS 

S. J. Monte, G. Sugerman, P. D. Sharpe 
Kenrich Petrochemicals, Inc. 

Bayonne, N. J. 07002 

SUMMARY 

INTRODUCTION 

SIX FUNCTIONS OF MONOALKOXY TITANATE 
MOLECULE 

Function 1 Monoalkoxy 

B 

Titanate Filler Coupling Mechanism 
Silane Filler Coupling Mechanism 
Monomolecular Layer Formation 
Chelate 
Hydrolytic Stability 

Function 2 - Transesterification 

Cross-link and Viscosity Effects 

C. Function 3 - Binding Group 

Pyrophosphato Binding Group Function 
Explained 

Flame Retardancy, Antioxidant, Thermal 
Stability Effects 

D. Function 4 - Organic Backbone Type 

R2 Effect of Rheology 
R Functionality in Inorganic/Organic 
Composites - Thermosets and Thermo- 
plastics 

R2 Chemical Internal Lube liffect on 
Filler Interface 

Tear and Elongation 
R2 Contribution to Y Functionality 
Number of Carbon Atoms in the Un- 

saturated Coupling Agent. Linkage - 
Elongation Effect 

E. Function 5 - Functional Group 

Cross-link Performance 
Effect of Number of Carbons in Un- 

saturate Linkage 
Function Y Bonding of Substrates 

F. Function 6 - Tri-Functionality 

Trifunctionality and Inorgarvc Sur- 
face Energy Modification 

A Comparison of Titanates and 
Silanes 

III. SIX FACTORS FOR SUCCESSFUL APPLICATION 
OF MONOALKOXY TITANATE COUPLING AGENTS 

A. Factor 1 - Polymer Properties 
B. Factor 2 - Filler Properties 
C. Factor 3 - Titanate Properties 
D. Factor 4 - Coupling Mechanism 

How Other Compound Ingredients Effect 
Coupling 

E. Factor 5 - Methods of Titanate 
Application 

In Situ 
Pretreatment 
Inorganic Suppliers 
Preparation of Fillers 

F. Factor 6 - Processing 

IV.  APPLICATIONS DATA 

A. Polypropylene 
B. HDPE 
C. LDPE 
D. Rigid PVC 
E. Flexible PVC 
F. Epoxy 
G. Polyester-Alkyd 
H. Thermoplastic Elastomers (TPE) 
I. CPE 
J. EPR 
K. EPDM 
L. Hypalon 
M. Silicone Rubber 

INTRODUCTION 

The technology offered in this paper 
represents a new dimension in polymer tech- 
nology for wire and cable.  The reader is 
asked to discard all previous conceived 
notions concerning fillers and their effect 
on polymer rheology and performance. 

The success of monoalkoxy organo 
titanate coupling agents stems from their 
effects on the interface wherein they pro- 
vide a chemical bridge between the filler 
(inorganic) and continuous phase (organic 
polymer).  Monoalkoxy titanates are unique 
in that they form monomolecular layers on 
the surface of the filler.  The absence of 
polymolecular layers at the interface to- 
gether with the chemical structure of the 
titanates create surface energy modification 
resulting in viscosity reductions in excess 
of coupling agents heretofore known.  Tri- 
functionality of the coupling agent in the 
continuous phase plus the ability of 
titanates to cross-link via transesterifi- 
cation mechanism open many possibilities for 
titanate molecular modification and filled 
polymer systems optimization. 

In this paper, we will discuss how 
monoalkoxy titanate coupling agents may be 
used in conjunction with inorganic fillers 
and  organic polymers 'or optimum results. 

Since monoalkoxy Lit,mates have rather 
unwieldy chemical names, a shorthand letter 
code has been developed (Ste Table 1) . 
Letter Codes will be used throughout the 
paper for brevity. 

There are basically six functions in- 
trinsic in the monoalkoxy titanate chemical 
structure and six factors to consider when 
applying these titanates to fillers and 
polymers. 

Table 2 lists the major fillers used 
today and how two of the six functions of 
the titanate molecule effect coupling. 
Table 3 lists major polymers and how specific 
titanates and four of the six functions of 
the titanate molecule effect performance. 
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Table   1 

TITANATE 
LETTER CODE 

TTS 

TTA-2 

TSM2-7 

TTBS-9 

TSA2-11 

TTOP-12 

DESCRIPTIVE 
NOMENCLATURE 

Isopropyl 
Triisostearoyl 
Titanate 

Isopropyl 
Tri (Lauryl-Myristyl) 
Titanate 

Isopropyl 
Isostearoyl, Dimethacryl 
Titanate 

TB2NS-26 

TTM-33 

TSN2C-37 

Isopropyl 
Tri (Dodecylbenzenesulfonyl)  TTOPP-38 
Titanate 

Isopropyl 
Isostearoyl Diacryl 
Titanate 

Isopropyl 
Tri (Diisooctyl Phosphato) 
Titanate 

TTAC-39 

TTOPI-41 

Isopropyl 
Di (Dodecylbenzenesulfonyl) 
4-Amino Benzene Sulfonyl 
Titanate 

Isopropyl 
Trimethacryi 
Titanate 

Isopropyl 
Isostearoyl Di 4-Aminobenzoyl 
Titanate 

Isopropyl 
Tri (Dioctylpyrophosphato) 
Titanate 

Isopropyl 
Ttiacroyl 
Titanate 

Isopropyl 
Tri  (Dioctyl  Phosphito) 
Titanate    '    • 

Table   2 

TITANATE FUNCTION SELECTION FOR FILLER/INORGANIC COUPLING 

CLASS TYPE MOISTURE TITANATE FUNCTION 
CONDITION 

R-0 FUNCTION X FUNCTION 

SILICAS MINERAL 
S^nd Dry Monoalkoxy As Desired 
Quartz Dry Monoalkoxy As Desired 
Novaculite Dry Monoalkoxy As Desired 

SILICAS SYNTHETICS 
Wet Process Silica Wet Chelate As Desired 
Fumed Colloidal Silica Dry Monoalkoxy As Desired 
Silica Aerogel Dry Monaolkoxy As Desired 

SILICATES MINERALS 
Soft or Hard Clay Wet Monoalkoxy pyrophosphato 

Wet Chelate As Desired 
Calcined Clay Dry Monoalkoxy As Desired 
Mica Dry Monoalkoxy As Desired 
Talc Wet Monoalkoxy pyrophosphato 

Wet Chelate As Desired 
Dry Monoalkoxy As Desired 

Wollastonite Dry Monoalkoxy As Desired 
Asbestos Dry Monoalkoxy As Desired 

SILICATES SYNTHETICS 
Calcium Silicate Dry Monoalkoxy As Desired 
Aluminum Silicate Wet Chelate As Desired 

CALCIUM CARBONATE Chalk Dry Monoalkoxy As Desired 
Limestone Dry Monoalkoxy As Desired 
Precipitated Dry Monoalkoxy As DesireJ 

METAL OXIDES Zinc, Iron, Lead Dry Monoalkoxy As Desired 
Titanium, Alumina, Magnesia Dry     | Monoalkoxy As Desired 
Hydrated Alumina Wet Monoalkoxy pyrophosphato 

Dry     i Monoalkoxy As Desired 
Acetates, Hydroxides Dry Monoalkoxy As Desired 
Sulfates, Nitrates              i Dry     | Monoalkoxy As Desired 

FIBERGLASS Manufactured Process Wet     i Chelated As Desired 
CARBON BLACK Lamp Black Dry     j Chelated As Desired 

Reinforcing                    j Dry Chelated As Desired 
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Table   3 

POLYMER TYPE 

THERMOPLASTICS 

TYPE 
OF 

REACTIVITY 

Function 2 
-f 

EFFECT 

Function 3 
X' 

EFFECT 

Function 4 
R* 

EFFECT 

Function 6 
Y 

EFFECT 

Polypropylene 
riDPE Van der Waal 
LOPE Entanglement 
Polybutylene 

Polystyrene 

PVC • Rigid 

PVC ■ Flexible- 
Electrical 

Van der Waal 

Entanglement 

None 

None 

PVC - Flexible-        Ct 
Non-Electrical Substitution 

Nylon 
Polyamide-imide 

Amino 

PBT 1  Trans- 
Polyacetal '   esterification 
Polycarbonates 

PPO 
PPS None 

TTOPM1 

TTOP-12 

TTOPP-38 

Antloxidant 

Flame 
Retardant 
Moisture 
Resislanc« 

TTS 

TTOPM1 

TTOP-12 

TTOPP-3« 

Impact 
Melt Index 
Impact 
Melt Index 
Impact 

Impact 

TTOPM1 
TrOPP-3« Antoxidant 

TTS 

TTOPMI 

Melt Index 

Melt Index 

TTOPP-38 Flame 
Retardant 

TrOPP-3« Impact 

TTOP-12 Flame 
■ Ratardant 

TTOP-12 Impact 
Low Temp 
Flex. 

TSN2C-37S Modulus 

TB2NS-29S Thermal TB2NS-28S Modulus 
Stability 

Flame 
Retardant 
Antloxidant 

Thermal 
Stability 

i    TSN2C-37S     Cross-link 
I    TB2NS-26S     Cross-link 

TTOP-12 Crosslink TTOP-12 

TTOPMI 

TB2NS-2S8 

TB2NS-2eS 

TTOP-12 Crosslink TTOP-12 

TTOPMI 

TTOP-12 Flame 
Retardant 

TTOPMI        Antloxidant 
TTP-34 Antloxidant 

Thermal 
Stability 
Flame 
Ratardant 
Antloxidant 

TTOP-12        Melt Index 
Impact 

TTOPMI Impact 
T8N2C-37S Impact 
TB2NS-2SS     Impact 

TSN2C-37S    Impact 
TB2NS-26S    Impact 

TTOP-12 

TTOPMI 

TTOP-12 

TTOPMI 
TrP-34 

Impact 

Impact 

Impact 

Impact 
Impact 

T8N2C-37S Tear Strength 
Cross-link 

TB2NS-26S Tear Strength 
Cross-link 

TSN2C-37S    Cross-link 
TB2NS-26S    Cross-link 

TSN2C-37S     Cross-link 
TB2NS-2eS     Cross-link 

THERMOSETTING 
RESINS 

DAP 
Polyester 

Cross-linkable 
Polyethylene 

Epoxies 

Oletinic 

Oielinic 

TT8S-« High 
TTOP-12 

if TTAC-39S 
TTM-338 
TSÄ2-11 
TSM2-7 > ^ 

j    TTS 
!    TTOPMI        None 

TrOP-12 

TTOPMI 

TTBS-9 
Flame TrOP-12 Impact 
Reterdancy 

TTAC-39S 
TTM-33S 

Cross-link 
Cross-link 

TSA2-11 Flex. TSA2-11 Cross-link 
TSM2-7 Flex. TSM2-7 Cross-link 
TTS Flex. 

Antloxidant TTOPMI Viscosity 
Reduction 

TTAC-39S 
TTM-338 

Cross-link 
Cross-link 

Phenolics 

TTS Viscosity 
Building 

TTBS-« Viscosity 
Gelling 

Epoxide TTOP-12 None TTOP-12 Flame 
Retardant 

TTOPP-12 Viscosity 
Reduction 

TTOPMI None TTOPMI Antloxidant TTOPMI Viscosity 
Reduction 

Develop- Prevent Develop- Flame Develop- Viscosity Develop- Cross-link 
mental phase settling mental Antloxidant mental 

T8N2C-37S 

Reduction 

Impact 

mental 

T8N2C-37S Cross-link 
Aromatic TB2NS-26S Impact TB2NS-268 Cross-link 
Unsatu ration TTP-34 Cross-link 
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Uelamine 
Nylon 
Polyamides 

Ammo 
Substitution 

ELASTOMERS 

EPDM 
EPR 
CPE 
Polyisoprene 
CPE 

Peroxide 

TTOP-12 Moderate 

T8N2C-37S Impact 
TB2NS-26S Thermal 

Stability 
TB2NS-28S Impact 

TTOP-12 Flame 
Retardant 

TTOP-12 Impact 

T8N2C-378    Cross-link 
TB2NS-26S     Cross-link 

TTAC-39S Cross-link 
TTM-338 Cross-link 

TSA2-11 Elongation T8A2-11 Cross-link 
T8M2-7 Elongation T8M2-7 Cross-link 
TT8 Elongation 
TTOPP-38 Viscosity 

Reduction 

SBR 
EPDM 
Natural Rubber 
Nitrlle 
Polybuladiene 
Polysullide 
Hypaion 

Sulfur 

TB2NS-26S Thermal 
Stability 

TB2NS-26S Elongatio 

TTOPP-3e Flame 
Retardant 

TT8 
TTOPP-38 

Rheology 
Higher 
Filler 

TTOP-12 Flame 
Retardant 

TTOP-12 
Loading 
Rheology 

We anticipate developing titanatas lor Sultur Cured Systems which will build modulus 
and tensile with minimal effect on elongation. These will be amino and disulfide types. 

T8N2C-378    Tensile-up 
TSN2C-37S     Modulus - 

Une fleeted 
TB2N8-288     Tensile-up 

Modulus - 
Uneffected 

EPDM Phenolic TTP-34 Activation TTP-34 Cross-link 

Hypaion 
Neoprene 
Hydrin 

Metal 
Oxide 

TrOP-12 

TSN2C-37S   Rheology 

TB2NS-2Ö8   Rheology 

Metal Activator    TTOP-12        Rheology 
Flame 
Retardant 

TSN2C-37S    Property 
Improvement 

TB2N8-28S    Properly 
Improvement 

Polyester 
TPE 

Urethanes 

None 

TTOP-12 Toughness TTOP-12 Flame 
Retardant 

TTOP-12 Impact 

TTBS-9 Toughness TTBS-9 Thermal 
Stability 

TTBS-9 Impact 

TrOPI-41 No Effect TTOPM1 
TTS 

Antioxldant TTOPI-41 Impact 
Higher 
Filler 
Loading 

TTOP-12 Flame 
Retardant 

TTOP-12 Higher 
Filler 
Loading 

TTOPI-41 Antioxldant 
TTOPMI 

Higher 
Filler 
Loading 

Chelated • 100 series with Hydroxyl and Amino Function under development. 

Tables   1,    2   and   3   point   out   the   need 
for  a   discussion  of   these   titanate   molecule 
functions. 

SIX   FUNCTIONS   OF   MONOALKOXY   TITANATE   MOLECULE 

The   titanate   molecule   has   six   basic 
areas   of   functionality   as   shown   below: 

_1 2 3_i 4 5   6 
0 - Ti 4- 0 - XJ 7r v), 

They are identified as follows: 

Function 1 
Function 2 
Function 3 
Function 4 

Function 5 -   -Y 
Function 6 -   ) 

- Monoalkoxy 
- Transesterification 
- Binding Group 
- Organic Backbone 

Type 
- Functional Group 
- Trifunctional!ty 

Function 1 - Monoalkoxy 

Function 1 relates to the chemical 
coupling or linking of the titanate molecule 
via its alkoxy group to the surface of the 
inorganic.  Monoalkoxy functionality has the 
following unique characteristics and 
advantages : 

• The simple one-step reaction of the iso- 
propoxy(CH-CH-O) portion of the titanate 

■ 

CH3 
with the free proton (H) provided by the 
inorganic.  This reaction can be identi- 
fied as the Titanate Filler Coupling 
Mechanism. 

Monomolecular layer formation which gives 
maximum wetting efficiency and de- 
agglomeration. 
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• Low energy levels to hydrolyze (react with 
free protons).  This means that fillers 
react readily with titanates at room 
temperature. 

• The size of the monoalkoxy group can be 
made longer to slow downits reaction 
rate in high moisture systems. 

■ Chelates can be designed to operate in 
aqueous systems.  Chelation stabilizes 
against reaction with HyO,   introduces 
OH functionality and has no alcohol by- 
product when it reacts with the inorganic 

' Hydrolytic Stability 

Titanate Filler Coupling Mechanism 

Figures 1 and 2 compare the Monoalkoxy 
Titanate and Trialkoxy Silane Filler Coupl- 
ing Mechanisms. 

Silane Filler Coupling Mechanism 

It is evident from Figures 1 and 2 that 

the titanate coupling mechanism precludes 
the formation of polymolecular layers.  By 
comparison, ".... only one of the silanol 
groups resulting from the hydrolosis of the 
silane reacts with the filler surface 
hydroxyl groups.  The remaining hydroxyl 
groups may condense with adjacent silane 
molecules.  It is also possible for the 
silane molecules to react with one another 
before they have a chance to react with the 
filler surface, thus reducing their effective 
coupling action.  The most efficient method 
of using the silane is by premixing with the 
filler before addition to the elastomer. 
Coupling agent effectiveness is seriously 
reduced when it is added to the mix after 
the filler has been incorporated into the 

■i 

elastomer phase."   The minimization of the 
need for water and one third less alcohol 
formation in the titanate mechanism suggest 
better electricals. 

Figure 1 Figure 2 

TITANATE MECHANISM 

monoalkoxy titanate    +       filler 

CH 
^lrO-CH-CHa + H0 

CH 
Ti-O-CH-CHj + HO- 

CH 
TrO-CH-CH3*H0 4 

"V" 

CM 
fHO-CH-CHj*~?Ti-0 
A       CH, 

iH0-CH-CH5+:£Tr(H 

SILANE   MECHANISM 

water     +     trialkoxy silane   +    filler 

X0H 

S0H 

2H0H 

,0H 
Si-0- 

N0H 

Si-0~ 

LoH 
SH 

.OCHa HO 
-^3H0H   + -Si-OCH, HO 

s0CHJ HOl 

^0H HOI 
f3H0ClV~-Si-0H HO- 

S0H HO- 

..OH      HO 
HOH  * -Si-0 

S0H      H0-. 

HOI 

HO 

v^ 
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Monomolecular   Layer   Formation 

Table 4 shows the advantage of mono- 
molecular layer formation in a zinc oxide 
dispers ion. 

Table 4 MONOALKOXV CHEMICAL STRUCTURE GIVES BEST WETTING 
AND STABILITY 

test formulation ingredients 
inorganic — ZnO (-325 mesh, 5.3Vgm.) 
Organic — Hydrocarbon Oil 
Tri, Di & Mono Alkoxy TltanatP 

ZINC OXIDE DISPERSION 

parts by wei^t 
90 
7 
3 

MEASURED ON NEEDLE PENETROMETER (ASTM TEST NO. D1321) 
HIGHER READING REFLECTS GREATER SOFTNESS AND WETTING 

AQINO. PAYS IBl 
0 DOES 
2 NOT 
4 WET — 
6 NO 
8 READING 

01 
160 
125 
89 
85 
80 

MONO 
165 
150 
118 
115 
112 

Figure 3 illustrates why monomolecular 
layer formation of monoalkoxy titanates give 
superior flow properties when compared to 
the polymolecular and multimolecular layer 
formation caused by trialkoxy silanes. 

Figure 3 

MMMlkonir TltwitUa ■ Monomolccul» Lay« Formation On Fillar 

R   R 

FLOW       ( FILLER WO-TI-O — R ( FILUR H0-Ti-0—R 

I S 
R R 

Trlslkoxy Slianoa - Multlmolacular Layar Formation On Flllar 

(FILLER V»0- VFLOW       ^«-LIRtO-St-O-^i 

R-Si-OK 

§MI-Si-0-Si<{QFaLER hg; Si~R 

k 
TBIALKOyY I 

Ti • 

/    ■ 
O        0 

0   -   XJ - *). 

CH2-C   =   O 

Chelate 

The   chelate  effect   on  high   moisture 
containing wet   synthetic  silica   fillers   such 
as   HiSil   233   is   shown   in   Table   5. 

Table 5 ADVANTAGE OF CHELATE EFFECT ON     HISIL 233 

TEST FORMULATION; 

TITANATE 

None 
TTOPP-38 
TTS 
rrop-i2 
TTOPI-41 
TOP2G-112 (Chelate) 

HiSil 233 — 20 PTS 
Mineral Oil — 80 PTS 

Titanate — 0.6 PTS 

VISCOSITY 
35,500 
18,300 
17,800 
13,500 
13.300 
8,000 

The   chelated   monoalkoxy   titanate   coupl- 
ing   mechanism   is   shown   in   Figure   4. 
Figure   4 

CHELATED MONOALKOXY TITANATE MECHANISM 

R 

R 

CHrC=0 

m LLERV 
y0 

0-TiC 

9 0 

CH, 
OH 

In summary, the method of manufacture 
of the filler and subsequent percentage 
moisture content determines which type 
titanate to use for maximum coupling effi- 
ciency as follows: 
nonoalkoxy inorganics with bonded 

moisture. 
dry process fillers which are 
mined and classified, 
water washed fillers which 
are dried by calcining.  Cal- 
cining drives off free 
moisture.  HOH present is 
atmospheric and has low per- 
centage moisture content. 
water washed fillers which 
are dried but not calcined. 
HOH present consists of at- 
mospheric and free moisture 
and has moderate percentage 
moisture content, 
wet process filler with high 
surface area.  HOH present 
consists of free moisture and 
high atmospheric moisture (due 
to surface area) and has high- 
percentage moisture content. 

Hydrolytic Stability 

Figure 5 illustrates the comparative 
hydrolytic stability of Vinyl Silane A-172, 
TetralsoPropyl Titanate, TTA-2, TTS, and 
TTOPP-38. 

monoalkoxy - 
pyrophosphato 

chelate 

Figure   5 

-   • •- J   a- 

B ■ f-           i                    i 

iBS ^0   iT«*^^ 
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It   can  be   clearly   observed   that   the 
monoalkoxy   titanates   are   substantially   more 
hydrolytically   stable   than   either   convention- 
al   silanes   or   tetra   alkoxy   titanates.      This 
statement   is   further   verified   by   the   follow- 
ing   test   data: 

Hydrolytic   Stability   -   Percent   Hydrolysis 

Test   Technique: Karl   Fischer   Titration 

Test   Measurement: 

Sample   Preparation: 

Coupling   Agent 

The   Mole   %   Water 
Absorbed  per   Minute 

A   50%   dispersion   of 
organic    (titanate   or 
silane)   in   water   was 
mixed   at   80oF   in   a 
Virtis   Homogenizer. 
The   resultant   dis- 
persion   was   then   back 
titrated   to   determine 
residual   water   content. 

%   Hydrolysis/Min. 

Gamma-mercaptopropy1- 
trimethoxysilane >50.00    (least 

Vinyl-tris stable) 
(2-methoxyethoxy)    silane     '45.00 

tetraisopropyl titanate           '«•50.00 
TTM-33 0.68 
TTA-2 0. 
TAM-4 0. 
TSM2-7 0. 
TA2M-3 0. 
TS2M-6 0. 
TTG-22 0. 
TS2A-10 0. 
TSA2-11 0. 
rS2N-31 0. 
TTR-20 0. 
TB2NS-37 0. 
TTS 0. 
TS2P-5 0.23 
TTP-34 0.20 
TTOP-12 0.13     (most 
TTOPP-38 0.07      stable) 

This   data   demonstrates   that   monoalkoxy 
titanates   will   have   storage   stability   in 
heavy   atmospheric  moisture   conditions.      In 
the   past,   titanates   have   had   the   reputation 
for   being   hydrolytically   unstable. 

Hydrolytic   stability   is   also   effected 
by   Function   3   of   the   titanate   molecule. 

45 
,45 
.40 
,40 
,35 
35 
33 
32 

. 31 
, 28 
,27 
27 

RO   -   Ti 0   XJ R'    -   Y) 

Function   2 Transesterification 

Function 2 relates to the un 
of the titanate molecule to trans 
This phenomenon results in cross- 
between the titanate and carboxyl 
polymers and permits the titanate 
and polymer to cross-link. Titan 
also esterify with the OH group i 
This is why certain titanates can 
cosities rise, polyester and epox 
and alkyds cure even though there 
saturation   in   the   titanate   molecu 

ique   ability 
esterify. 
linking 
bearing 

s,    filler 
ates   will 
n   Epoxies. 

make   vis- 
ies   gel 
is no un- 

le backbone. 

Monoalkoxy coupling agents provide a 
full range of transesterification mechanism 
control.  TTOPI-41 reduces viscosity in 
filled polyester and epoxy systems because 
the transesterification mechanism has been 
rendered inoperative by molecular design. 
This allows higher titanate filler loadings. 
TTS creates moderate initial viscosity rise 
and remains stable.  Higher gloss and 
stronger polyester composites are the result. 
TTBS-9 institutes instant high viscosity 
rise which reverts to moderate over a 
period of time.  This gives initial thixo- 
tropy with subsequent scIflevelling 
characteristics.  TTOP-12 has no initial 
viscosity effects but the viscosity rises 
with time.  This results in significantly 
better dispersion, smoothness and higher 
titanate treated filler loadings.  The 
finished product gets stronger as it ages. 

Transesterification also allows cross- 
linking of saturated polyesters and alkyds 
thereby providing non-yellowing systems due 
to the elimination of unsaturation. 

Figure 6 plots viscosity data vs. time 
in a 70* CaC03 filled polyester plasticizer 
system to demonstrate how various monoalkoxy 
titanates can provide the desired flexibility 
in Transesterification Control. 

Figure   6 

1000 
KEN-REACT Transesterification Polyester Viscosity Options 

Test Formula: 
ParaplexG-33 -100 
Micro White 25 -233 
KEN-REACT     -     2.3 

.    TTS TTBS-9 TTOP-12 TTOPI-41 

0.5 24 168 » 
Time - hours 

Table   6   shows   the   viscosity   reduction 
obtained   in   a   CaCOj   filled   polyester 
plasticizer   system  with   TTOPI-41. 
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Table 6 POLVESTER VISCOSITY REDUCTION WITH TTOPI-41 

1 2 3 4 
CaCO. 60 60 70 70 
PolyMtar 40 40 30 30 
K«n-RMct TTOPI-41 — 06 0.7 
VUreoslty @ »a'F, cp»  12,500   10,500   265.000    212,000 

Figures 7 through 10 illustrate the 
transesterification mechanism. 

Figure 7 

MONOALKOXY TITANATE/FILLER/POLYESTER TRANESTERIFICATION 

1. Before Mining: 

0       0 0 
II       II I 

<0-C-A-C-0-B}n+ R-0-©-0-CH-CHj + HO 

CH. 

polyester 

Figure    10 

4. Composite Effect: 

Figure   11 
Figure 

2. Mixing: 

0    0 
II    II 

0   0 
II   II 

■(O-C-A-C-O-B^-O-C-A-C 
0   0 
ii   ii 

0   0 
II    II 

CH, 
CHjCH-OHt 

11 
M-(Tp-i 

fO-B^O-C-A-C-0-BJ^O-C-A-Cl     r0-t}{*) 

ll 
0-R        CH        R~0-(fi)-0-R 

CH,-CH-0Ht 0 

Figure   9 

3. After Mixing - Unit Filler Effect: 

0   0 
II    II 

0   0 
II   II 

I 
t=Q 
A 
C-'-O 

I 
0 

A 
C = 0 
&* 
B 
P 0   0 

II   II 
0   0 
II   II 

Pyrophosphate Moisture Absorbtion Mechanism 
In Hydrated (Wet) Mineral Filler 

R—OC-A-C-O-fB-O-C-A-C-O^B-O^O-B-fOC-AC-O-B^O-C-AC-O-R 
Ö 

CH, 

^ 8 8 o 
|/VNA /    H    0 

X
0<L    AW II  iix0- 

R 
R 

R 
R 

0—R 
0 0 
n   ii.0—R 

OH 

0    0   n •I/O 

OH OH 
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Function   3   -   Binding   Group 

The   portion   of   the   titanate   molecule 
immediately   adjacent   to   the   titanium   center 
affects   performance   as   shown   in   Table   7. 

The   compounder   can   select   a   titanate 
which   will   give   him   the   desired   hydrolytic 
stability,    thermal   stability,    tranaesterifi- 
cation   activity   and   specific   performance 
effects. 

Pyrophosphato   Binding   Group   Function 
Explained  

Table 8 shows the ef 
hydrolytic stability on t 
efficiency of titanates i 
(non-calcined) clay fille 
system. Although TTS and 
superior to the control, 
class by itself. This ph 
result of the pyrophospha 
mechanism of the TTOPP-38 
pyrophosphato moisture ab 
is   illustrated   in   Figure 

feet   of   increasing 
he   coupling 
n   a   water   washed 
d   mineral   oil 

TTOP-12   are   clearly 
TTOPP-38   is   in   a 
enomenon   is   the 
to   water   absorption 
molecules.     The 

sorption  mechanism 
11 -(See Previous Page) 

Tabi« 7 BINDING GROUP PERFORMANCE EFFECTS 

Binding Group Ltgand 

Group 

Alcholat* 

Structure 

-0-C- 

PERFORMANCE EFFECTS 

s 
Y 

M 
B 
0 
L 

Hydrolytic 
Stability 

Transesfer- 
itication 
Activity 

Thema/ 
Statiility 

S 
y 

M 
B 

Specific Effects 

0 
L 

A 

Least Stable 

A 

Inactive 

F 

Least Stable 

B A 
Adhesion Prom< 

Carboxyl 

0 
II 

-o-c- 

Inactive 

E 
Compatabillty With Sem' 
Polar Materials 

Sulfonyl -0-S- 
// 

0 

Active 

B 
Thixotropic Agent For 
Epoxies and Polyesters 

Phoaphato •0-P 
C D 

Contributes to Flame 
Retardancy 

Flexibilizer tor PVC 
Viscosity Reducer in Epoxies 
Viscosity Builder in 

Polyesters 

Pyrophoaphato 

00^ 
OP-OP' 

<      0 
0-H 

F E 
Absorbs Free Moisture 
Impact Improvement For 

Rigid PVC 

Phosphite -UP 
0- 

Antioxidanl 

c C D F Viscosity Reducer In 

Most Stable Most Active Most Stable Polyesters and Epoxies 

Table 8 EFFECT OF VARIOUS TITANATES ON NON-CALCINED CLAY 

11 Catalpo Clay 
Mineral Oil 
KEN-REACT TTS 
KEN-REACT TTOP-12 
KEN-REACT TTOPP-38 
BrookfMd Vlacoalty, cpa @ 25*0 

2 3 
30 30 30 
70 70 70 
— 0.6 — 

19.000 8,200 

0.6 

5,200 

4 

30 
70 

0.6 
700 
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Phosphato    (X      function)    Flame   Retardaut 
E f f e c t  

Figur«    12   shows   a   cist    sand    fillud 
opoxy    flooriny   compound   haviny   the    tollow- 
i nc)    f o rmu 1 a : 

Resiplex   1628   Epoxy      - 05 
Kcnplaat   ES-2                       - 3b 
Celaneso   H24   Hardner   - 20 
3M   ColorquarLz   It 2 8         - 300 
TTOP-12                                        - 3 

After   removiny   the   flame,    the   carbon 
formed   in   the   surface   of   the   casting   was 
wiped   off   and   showed   no   ill   effects. 

Figure    12 

4 

RO   - -   Ti   — U   0   ■ xl -   R2 
-   Y'n 

Funct.ion   4 Organic   Backbone   Type 

The   molecular   structure   of   ^he   titanate 
backbone   and   its   performance   effects   are 
shown   in   Table   5. 

R^ Effect on Rheology 

The presence of a large number of 
carbon atoms on the titanate backbone 
creates surface energy modification on the 
inorganic interface w'iich results in dramatic 
viscosity reduction.  This effect is 
illustrated in Figuies 13 through 21. 

Table 9 — Organ'c Backbone Performance ENecIs 

Performance Effects Backbone 
Type 

Typical 
Structure 

Any 
Hydrocarbon 

Aliphatic 
Hydrocarbon ■ 

^CH,->H 2 

fCH,Jn-CH-CHa 

CH, 

Aromatic 
Hydrocarbon 

Figure    13 

/        \ 

Presence ot large number ol hydro- 
carbons modifies surface energy and 
reduces viscosity 
Long chains impart tear slrenglh 
Makes fillers organophilic and 
hydrophobic 

Provides Olefinic Compatibility 
Provides long chains for 
Van der Waal 
bonding, polymer chain entangle- 
ment and stress-strain transfer 
for impact improvement 
Isoparatfins liquify titanates which 
otherwise would be solid in neat 
state 

Provides Aromatic Compatibility 

Potential Cross-link site 
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R^ Functionality in Inorganic/Organic 
Composites - Therwosets and Thermoplas'•.ics 

although we refer to the wire an^ cable 
industry, the rubber industry, the plastics 
industry, the coatings industry, etc., we 
really are dialing with inorganic/organic 
composites in two distinct systems - thermo- 
set requiring ^ures and thermoplastics re- 
quiring "o dr    The titanates are unique 
in that they can tunction broadly in both 
the thermoplastic and thermoset areas.  As 
can be seen from Figure 22, the saturated 
long chains related to the Rj function of 
the titanate allow for stress strain 
transfer via Van der Waal Entanglement which 
results in impact superior to virgin polymer, 
better melt flov and maintenance of tensile 
strength in ultra high filled thermoplastics. 

Figure 22 

COUPLED FILLERS ARE COMMON TO BOTH   SYSTEMS 

COUPLING   AGENT 

TSIVR- (Silanes) 

-(Tn^R-   (Titanates) 

R s Unsaturated, X- linkable 

COUPLING  AGENT 

-^^R-   (Titanates) 

R« Saturated, Long Chain 

FILLER 

Figure 23 illustrates why and how 
titanate coupling agents dramatically improve 
impact and provide Van der Waal chain 
entanglement in filled thermoplastic polymer 
systems. 

Figure 23 

COUPUNG M TMEHMOPLASTIC SYSTEMS WITH MOMMLKOXV COUPLING M9ENTS-TITANATES 

R2 Chemical Internal Lube Effect On Filler 
Interface  

In addition to the obvious function of 
the Rj groups in thermoplastic systems, they 
can provide lubricity to any filled system 
such as a black filled nitrile rubber hose 
the:.-moset compound.  Figure 24 illustrates 
the surface improvement of the extrudate 
with the use of TTS. 

Figure 24 

This lubricity or internal lube effect 
contributes the following additional 
benefits: 

• Reduced Machine Wear 
• Lower Mooney Viscosity 
. Lower torque (energy) requirements 
during mixing 

• Faster extrusion 
• Shorter Banbury and mix cycles 
• Reduced die wear 
• Improved dispersion 
• Improved electrical properties 

This lubricity is obtained without fear 
of migration.  The R2 chain is chemically 
bound to the filler by covalent bonds. 

Tear and Elongation 

In both the thermoplastic and thermoset 
systems, the presence of the long R, chains 
at the interface has flexibilizing and stress 
transfer functions which result in increased 
elongation and tear strength.  This is 
exemplified in Figure 25, which shows the 
effect of TTS on 40% calcium carbonate 
filled low density polyethylene. 

Figure 25 

Relativ* Energy To Ttar, Di» C Elengotien 

■lIU 
0 18 3        IS»""'.!       0 12 3 

l 
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Contribution   to   Y   Functionality 

,   the   compounder  has   been 
lower   elongation   in   order 

table   modulus.     Such   is   no 
Titanates   containing   a 

ne   Y   group   and   two   R^   groups 
ow   provide   for   densification 
k   network   via   the   Y   group 
her   modulus   while   simultane- 
g   elongation  via   the   two   R2 
ongation   data  obtained   from 
ates   does   not  necessarily 

Figure   26   illustrates   the   trialkoxy, 
monofunctional   coupling   mechanism   of   a 
single   Y    (vinyl)    group   silane   such  A-172   in 
a   filled   thermoset   system.      This   mechanism 
will   result   in   high   modulus   and   low 
elongation. 

Figure   26 

COUPLINQ IN THERMOSET SYSTEMS WITH  TRIALKOXY COUPIING   »GENTS   SIUNES 

In the   p ist 
forced to   acr»pt 
to   achieve   a jeep 
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mixture of   say   o 
such   as TS2M-6   n 
of   the cross-lin 
resulting   in   hig 
ously   maintainin 
groups. High  el 
the   use of   titan 
mean   lack   of   cui 

INORGANIC •* 
FILLER 

ORGAMC -ILANE" 

CURE. 

0 
Figure 27 illustrates the monoalkoxy, 

trifunctional coupling mechanism of a single 
Y (methacrylic) group and two R  group 
titanate such as TS2M-6 in a filled thermo- 
set system.  This machanism will result in a 
lower modulus and higher elongation when 
compared to the Vinyl Silane A-172 system - 
even though the degree of cross-link densi- 
fication is similar. 

Figure 27 

COUPUNO M THERMOSET SYSTEMS WITH MONOMKOXV COUPLING UENTS-TITANATES 

OH6 JJ""**' 

ORGANIC ■ 
POLVMER 

INORGANIC • 
FILLER 

OflGANO TITANATE -*        CURE ■ 

Eguivalent   cross-link  densification 
systems   can  have   dissimilar  modulus   and 
elongation  because   of   the   following 
principle   reasons: 

"   The   number   of   carbon   atoms   in   the   un- 
saturated   linkage   of  the   coupling 
agent 

•   The   superplasticizer  effect  of   long   R' 
chains   on   the   surface  energy   of  the 
filler. 

.„„„u  , vrti'>'-*'«w.("m(Wi*f^* 

Number of Carbon Atoms In The Unsiturated 
Coupling Agent Linkage - Elongation Effect 

Figure 28 illustrates how the number of 
carbon atoms or length of the filler/cross- 
link chain result in different torque read- 
ings and elongation with the same number of 
cross-links. 
F igure 28 

UNSATURATE  CHAIN   LENGTH   EFFECT   ON    ELONGATION    SILANE AND TITANATE 

2 carbon 
vinyl 
sllam- 

:-c-©3|    |ri5-c-i 

•longatton I 

3 carbon 
•cryltc 
titanat«     . 
madium     I 
•kmoatlon | 

.' c—c—c—o-©-|    [-©-o-c-c —c 

4 carbon     \ 
methacrylic i 
titanate - 
htgh I 
elongatton ) 

c—c—c—o-©-|    |-@-o —c— 

If higher mooulus and lower elongation 
are desired, the compounder can go from a 
one methaciylic titanate (TS2M-6) to a one 
acrylic titanate (TS2A-10) to reduce the 
length of the cross-link chain.  He can also 
increase the degree of cross-link densifica- 

tion by going to a "two Y group one R2 group" 
titanate such as TSM2-7 or TSA2-11 or a 
"three Y group" titanate such as TTM-33 or 
TTAC-39S. 

The use of TTAC-39S greatly increases 
the degree of cross-link as compared to 
A-172.  However, the presence of nine turbon 
atoms trifunctionality (3) x acrylic (3 
carbons) = 9 carbons still has a super 
plasticizer effect.  Those schooled in the 
art know that a plasticizer lowers modulus 
and increases elongatJon. 

For example, 3% TTS on CaCOj filler 
reduces tensile modulus in HOPE 40% as the 
phr level of filler is increased almost four- 
fold.  At four times the filler loading, the 
tensile is unaffected while the melt flow 
increases and impact doubles. 

This data is shown in Table 10. 
Table 10    SUPER PLASTICIZER EFFECT LOWERS MODULUS 

HOPE' 

100 

100 

CaCO.'     TTS 

43 
150 

None 

45 

Melt 
Index 

16.31 

17 81 

Tensile 
psi 

1961 

1804 

Modulus 
psi 

217.927 

130.756 

Impact 
Fl-lbs /in. 

0531 
1.014 

Therefore, although the degree of cross- 
link is higher due to triacrylic unsaturation 
availability (which normally would result in 
high modulus) the internal plasticization of 
the filler serves to counteract the acrylic 
modulus building effect.  This is why tri- 
acrylic titanates such as TTAC-39S will show 
only slightly higher tensile modulus with 
corresponding higher elongation when compared 
to Vinyl Silane A-172 in a peroxide cured, 
clay filled EPDM compound.  The higher degree 
of cross-link of the TTAC-39S will give 1 to 
3 points higher Shore A hardness when compared 
to Vinyl Silane A-172.  Although efforts have 
to be made to overcome the super plasticizer 
effect of titanates on modulus, the compounder 
gains numerous other process, flow and 
mechanical property advantages. 
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Function 5 - Functional Group 

The functional group attached to the 
Organic barkbone provides the following: 

Typical Performance 
Type Structure Effects 

Unsaturation C   =   C '   Provides   unsatura- 
tion   for  peroxide 
and   free   radical 
cross-link. 

-CH   = 
1 

CH2 "   Methdcrylics 
improve   physicals. 

CH3 
-CH   = CH2 Acrylics   give 

tighter   cross-link 
networks   and provide 
bonding. 

Amine -NH2 "   Provides   for   sulfur 
cross-link 

• Amino  groups   substi- 
tute   react   with 

• Halogen   to   provide 
bonding. 

• Cross-link  withEster 
• Cures  Epoxy   and 

Filler. 

Hydroxyl -OH "   Typical   Hydroxyl 
functionality 
effects 

Hydrogen -H *   Nonreactive 
termination 

Mercapto   & Under 
Sulfide Development 

The mechanism for the action of this 
monoalkoxy titanate is suggested in Figure 30. 

Figure 30 

TN2PI-42   CURE OF FILLED EPOXY 

CH,  CH, 
(CHJJCHJ), 

CH.CHiCH    CH-CH^CHj 
fHi   CHl 

0     Ö 
>'    0-CHrCHrN., 

-Ti 

c-c- 
A 

R-O 

T 
ii 

00 0 m 
RRR 

OCHrCHrH 

—-c-co-(x)n-o-c-c 
epoxy 

CH, 

Function   Y   Bonding   of   Substrates 

The   acrylic   functionality   of   TTAC-39S 
allows   for   the   room   temperature   bonding   of 
aluminum   to   aluminum.      This   is   illustrated 
in   Figure   31.      Table   11   lists   some   titanate 
adhesion   promoter   suggestions. 

Figure    31 

Figure 29 shows the chemical structure 
of TN2PI-42 which cross-links epoxies by 
acting as a difunctional tertiary amine while 
sim'Utaneously coupling *lth filler via thii 
alkoxy group and reducing the- viscosity via 
the phosphate functionalitj .  Typically, 5% 
of TN2PI-42 replaces 10 to 50% of amine 
curinc, agents in Epon 828 01 similar epoxies. 
It therefore acts as: 

A curative due to Y Function 5 
Viscosity Reducer due to R  Function 4 
Antioxidant due to X1 Function 3 
Phase settling reducer due to—(_ 

Function 2 
Filler Coupling Agent due to R-0 

Function 1 
Function 6 - n allows for the simultan- 

eous presence of two Y groups and 
one P.  group. 

F igure 29 

TN2P1 -42 CH,   CH, 

N 
1 CH3 

CH-3 

W2 
O 
1 

-CH-O-Ti-0- 
1 

0- 
/ 

•CH2 

CH2 

-CH- 

CH3  o 0-CH2-CH-(CH2)3-CH3 

(CH2)2 CH2 

N CH3 

CH  CH 
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Table   11 

Substrate #1 
Adhetlon Promolor Suggestion* 

Substrate #2 
Polymer to Polymer 

PVC 
EPR, EPDM (Sulfur Cure) 
ERR, EPDM (Sulfur Cure) 
EPR, EPDM (Peroxide Cure) 
SBR 
SBR. NR (Sulfur Curr) 
Flouro Silicone 

PVC 
Nylon 
Polyester 

Polyethylene, PP 
SBR 
Urethane 
Silicone 
Epoxy 
Hypalon 

Nltnle 

Alum, 
Steel 

Concrete 

Suggested 

PVC TSN2C-37S.TTN-22 
Nylon (6 &66) TSN2C-37S 
Polyester TSN2C-37S 
Polyester TTM-33S, TTAC-39S 
Nylon, Polyester TSN2C-37S 
EPDM TSN2C-37S 
Silicone TSM2-7. TSA2-11 

Polymer to Metal 
Mum.. Steel TB2NS-26S, TSN2C-37S 
Alum , Steel TTOP-12, TSN2C-37S 
Alum., Steel TSN2C-37S, TTOP-12, 

TTAC-39S. TTM-33S 
Alum., Steel KEN-REACT TTS, TTOPI-41 
Alum., Steel TB2NS-26S. TTP-34 & Hexa 
Alum. TTAC-39S 
Steel TTAC-39S, TTM-33S 
Steel TN2PI-42, KR-43 
Copper TB2NS-26S. TTOP-12, 

TTOPP-38 
Copper TB2NS-26S 

Metal to Metal 
Alum.. Steel TTAC-39S 
Steel TTAC-39S. TrM-33S 

Composite to Metal 
Steel TGM2-112, TTOPP-38 

RO Ti O   -   x- K "   Y). 

Function 6 - Tri-Functionality 

The tri-function a 1ity or presence of 
three pendant organic groups has the follow- 
ing advantages: 

All functionality can be controlled to 
first, second or third degree levels. 
A control which is notposs^ble with 
trialkoxy, mono functional coupling 
agents which is typical of silanes. 

" The probability of transestcrification 
and thermoset cross-link via unsatu- 
ration, addition, or substitution 
mechanism is amplified. 

" The probability of chain entanglement 
is enhanced due to a stearic molecular 
tri-anchor effect. 

As many as six phosphorous aroups per 
mole of titanate can be placed mono- 
molecularly at the inorganic interface 
to enhance flame retardant performance. 

Allows for the monomolecu lar deposition 
of a large amount of hydro carbon per 
moie of titanate.   Surface energy is 
drastically modified resulting in 
dramatic viscosity reduction. 

High flaspoint titanates can bo 
provided in the liquid state without 
the use of solvents.  TSM2-7 is a 
liquid in the neat state with a flash 
point of 2650F.   TTM-33 is a solid 
in the neat state.  The addition of 
a non-flammable solvent creates TTM-33S 
with a flash point of 1450F which is 
in the same range as Vinyl Silane A-172. 

Trifunctionality and Inorganic Surface 
Energy Modification  

The trifunctionality of the titanates 
allows even relatively short chains such as 
acrylates and methacrylates to reduce vis- 
cosity significantly since their total back- 
bone carbon content is multiplied by a 
factor of 3.  This is illustrated in Table 12 
which compares a variety of monoalkoxy 
titanates as compared to a control and some 
representative silanes. 

Table 12 

VISCOSITY EFFECT OF VARIOUS TITANATE COUPLING 
AGENTS ON 0.5% TREATED CaCO. 

TEST FORMULATION CaCO, - 50.00 pts 
Mineral Oil ■ 50 00 pts 
Coupling Agent ■   0 25 pts 

CODE NAME VISCOSITY, ops 
Control 34,700 

A-172 Silane 16,000 
A-189 Silane 13,500 

TTS 320 
TTA-2 240 
TSM2-7 230 
TTBS-9 420 
TSA2-11 310 
TTOP-12 860 
TB2NS-26 370 
TB2NS-26S 280 
TTM-33S 260 
TSN2C-37S 330 
TTOPP-38 180 
TTAC-39S 410 
TTOPI-41 160 

Hydrolytic   Stability   is   greatly   improved. 
Tri-Functional   Titanates    can   bo   stored 
in   standard   containers   without   detriment 
to   performance   properties. 
Shelf   life    is   excellent. 
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A   Comparison   of   Titanates   and   Silanes 

Table 13 
silanes using 
functions   as 

compares   the    titanates    and 
the   features   of   the   six 

i   bas is. 
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Table    1i THE TIT AN ATE - SILANE DIFFERENCE 

SYMBOL ITEM 

R-0        Alknxy Groups 
Atkoxy Chelate Capacity 
In-situ Alcohol Byproduct 
Elimination - it desired 
Monomolecular Formation 
Energy to Hydrolyze 
React with CaCOj 
E«cess/ve Amounts Hurt Properties 

{ Transeslerilication ■ 
X-link Polyester 
K-link without Unsaturation 

X' Binder Group Function 
High Thermal Stability ■ il desired 
Sullonyl ■ Thixotrope 
Phosphate - Flame Retardancy 
Phosphite ■ Amioxidant 

R' Length ol R' Groups 
Viscosity Reduction 
Thermoplastic Impact Improvement 

Flash Points 

Y Functional Groups 

n Tri-Functionality 

Hydrolytic Stability 

$ Cos( 

SIX FACTORS FOR SUCCESSFUL APPLICATION OF 
MONOALKOXY TITANATE COUPLING AGENTS  

A full treatment of the six factors 
has been published elsewhere.   However, 
some pertinent comments are made here con- 
cerning "Factor 4 - Coupling Mechanism" and 
"Factor b - Methods of Titanate Application", 

Factor 4 - Coupling Mechanism 

After selecting the proper titanate, 
simple guidelines are listed below to 
provide maximum coupling efficiency with the 
inorganic filler: 

■ Do not add surface active ingredients 
which will interfere or compete with 
the reaction of the titanate at the 
interface until coupling is achieved. 

TITANATES 
R-O-TI    {     O-X'-R'-Yjn 

SILANES 
(R-Oh-SI-R'-Y 

one 
yes 

three 
unstable 

yes 
yes 
low 
yes 

frequently 

no 
no 

moderate to high 
limited 

occasionally 

yes 
yes 

none 
no 

yes 
yes 
yes 
yes 
yes 

none 
no 
no 
no 
no 

long to short 
extreme 

Superior ■ 

short 
none to moderate 
none to moderate 

best known 
high to moderate 

three 

yes 

good to excellent 

$2 to 5 

single 
functionality 
good to poor 

$2 10 5 

Monoalkoxy   titanates   work   best   with 
dry   and   calcined   inorganics. 

The presence of atmospheric moisture 
(0.1% to 2 or 3%) provides excellent 
reaction   sites   and   is   not   detrimental. 

Bonded   moisture   such   as   A^O^.S^O 
provide   excellent   reaction   sites. 

Free   moisture    (not   bonded   or   atmospheri- 
cally   absorbed)   presents   problems   for 
monoalkoxy   mechanisms.      For   wet   process 
fillers   which   are   reasonably   dry    (i.e. 
water   washed   clays) ,   pyrophosphato 
groups   will    insure   monoalkoxy    function 
success.       For   high   surface   area,   wet 
fillers   such   as   HiSil   233   -   chelated 
alkoxy   groups   are   preferred. 

Zinc   oxide   and   stearic   acid   are   surface 
active   agents.      Add   them   after   the 
filler,    polymer   and   plasticizer   have 
been   mixed   together   thoroughly. 

Most   titanates   transesterify   and   will 
react   to   different   degrees   with   ester 
and   polyester   plasticizers .      Therefore, 
add   ester   plasticizers   after   mixing   has 
allowed   coupling   to   occur.      Petroleum 
derived  plasticizers   usually  present 
no   problem  and   can   be   used   as   a  diluent 
to   spread   the   small   amount   of   titanate 
for   better   filler   interaction   and 
coupling. 

• Monoalkoxy   titanates   work   best   in 
organic   systems. 

• Chelated   titanates    (Ken-React    100 
Series)    work   best   in   aqueous   systems. 

Factor   5   -   Methods   of   Titanate   Application 

There   are   two   methods   of   monoalkoxy 
titanate   application: 

In   Situ   - Added   in   the   situation 
where   all   ingicdients 
are   brought   together 
at   time   of  mixing. 

Titanates   and   Silanes   can   be   used 
synerqistically.       However,    they   will 
compete    for   free   protons   at   the   filler 
interface.      Cable   compounds   have   been 
run   with   titanate   treated   clays   and 
Vinyl   Silane   f-112   kickers   with   ex- 
cellent   results.       However,    treating 
Translink   37   or   Burgess   KE   with 
TTAC-39S   would   be   like   putting   on   two 
pair   of   socks. 

Pretreated  -The   inorganic   and   coupling 
agent   are   isolated   and 
treated   before   coming    in 
contact   with   the   other 
ingredients   at   time   of 
mixing.      After   pretreatment 
the   decomposition   point   of 
the   fi ller/titanate 
composite   is   raised   to   well 
over   800oF. 
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In   Situ  Considerations   and   Advantages 

Economics lowest raw material cost 
way to use titanates. 
Pretreatment equipment 
costs and processes are 
avoided. 

• Flexibility-   titanates   and   titanate 
levels can be altered as 
desired. 

■ Technique -  certain polymer systems 
are straight forward and 
it is inherently difficult 
to make an ■ i • "   In 
sensitiv ,   con- 
sistent re--j.i.= wiii be 
obtained if applied accord- 
ing to good titanate coupl- 
ing practice. 

• Polymer -    Sometimes best results are 
obtained by putting the 
titanate directly in the 
polymer. 

Pretreatment Considerations and Advantages 

Pretreatment can be provided by the in- 
organic supplier or prepared in the labora- 
tory . 

Inorganic Supplier 

• Economics -  pretreatment equipment and 
processes are avoided. 

• Technique -  the filler and titanate are 
isolated to provide maximun 
coupling efficiency. 
Supplier is knowledgeable 

in coupling chemistry. 

• Inorganic -  treated inorganics "lock- 
in" that "factory fresh 
goodness".  Atmospheric 
moisture attack is effective- 
ly blocked and the inorganic 
is made hydrophobic and 
organophilic.  Inorganic 
properties are stabilized. 

Laboratory Preparation of Fillers 

Equipment 

Filler - 

Titanate 

High shear mixers such as 
Henschel, Littleford or 
Waring Blender are ex- 
cel^nt.  Titanates react 
at room temperature so 
heat is not needed. 

Weigh out the desired 
amount to be treated. 

Amount of 
used is ba 
(or percen 
not the po 
titanate 1 
applied to 
determined 
specific e 
0.1% to 3% 
filler wei 
range eval 
Three poin 

tita 
sed 
tage 
lyme 
oadi 
fil 
emp 

nd-u 
of 

ght 
uate 
t 

nate to be 
on weight 
) of filler - 
r.  Optimum 
ng to be 
ler must be 
irically for 
se.  However, 
titanate on 
is the usual 
d. 
0.5%, 1% and 

3%) will give a suitable 
performance curve for 2.0 
to 3.0 gravity inorganics 
to determine optimum 
properties. 

The titanate may be applied: 

• neat directly to the dry 
filler in the fluidized 
state i.e. while the mixer 
is on. 

• diluted in inert anhydrous 
(dry) plasticizer or 
alcohol (methanol, ethanol 
or isopropanol) and then 
added to dry filler.  Do 
not add water to the 
titanates.  This saves a 
water drying step and is 
not required nor recommended. 
This is contrary to silanes 
where a diluent containing 
a ratio of 10% water to 90% 
alcohol is recommended. 

• coupled completely in 
alcohol solution and then 
dried.  Solution coupling 
insures 100% molecular 
contact but is often 
impractical on a production 
basis.  Furthermore, for 
most applications, simple 
dry blending is adequate 
and gives consistent re- 
producable results. 

Treatment Procedure - Typical Waring 
Blender Operation 

• Dump Filler into Blender 
• Turn Blender On 
' Feed titanate in uniformly 
over 30 second period 

• Post blend for 30 seconds 
to 1 minute 

• Filler is now pretreated 
Note: Double time frames in 

production equipment to 
allow for geometric scale- 
up conditions as we do in 
our 3.5 and 11.5 cubic ft. 
Henschels and 26.1 cubic ft. 
Littleford high shear mixers. 
Ribbon Blenders require 10 
to 20 times the mix cycle 
for equivalent results. 

APPLICATIONS DATA 

The following applications data pre- 
sented should not be construed as the best 
properties obtainable in any given polymer. 
The combination of specific end needs, 
various grades of a given type polymer, 
different tvpes of fillers and combination 
of fillers  represents a formidable 
applications testing undertaking for any one 
organization. 

Some of the following data presented 
for a given polymer is reasonably extensive 
while other data is sparse. It is only 
intended to give you an indication of the 
potential of the monoalkoxy trifunctional 
titanate concept. Much work is yet to be 
done. 
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A.  Polypropylene 

The effects of titanate coupling agents 
in filled polypropylene are dramatic. 
Table 14 lists the effects of TTS in calcium 
carbonate filled polypropylene.  The impact 
strength cf the 70% CaC03 - TTS system is 
7.5 times stronger than virgin with melt flow 
similar to virgin.  The 70* CaC03 system 
without TTS treatment had no flow. 

Figure 32 shows injection mold plaques 
obtained from a run of 75* CaC03 filled 
polypropylene with and without TTS treatment. 
Although the photo nay not show it entirely, 
the TTS plaque is smooth and glossy while the 
non-treated plaque is rough and could just be 
barely formed.  When held to an intensive 
light, the untreated plaque was opaque while 
the TTS plaque was translucent. 

F igure    3 2 
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Table    14 
EFFECT OF TTS ON FILLED     POLYPROPYLENE 

Mold MM 
Ftoxural Drop wolght Shrlnkags Flow 

% c»co. %TTS(1) Modulus Impact - Ft. lbs. (mils/In.) Surfte« (1. 230) 
0 n 240,000 1.0 14-15 Good 5.00 

70 0 550,000 1.5 10-11 Poor 0.00 
70 0 530,000 18 10-13 Poor 0.07 
70 ä.Ü 380,000 7,5 11-12 Good 4.70 

(1) % TTS based on weight of filler 

B.  HOPE 

Table 15 shows the effect of TTS on 
physical properties of mineral fi lied H,,^i 
Attempts above 30* filler without TTS wer.- 
not tried since compounding becomes 
mechanically impractical at these levels. 

C.  LDPE 

Table 16 shows the superior wetting 
characteristics of the R2 (Function 4) 
function of TTS as compared to conventional 
wetting agents. 

Table 15 - Effect of TTS on Physical 
Properties of Mineral Filled HDPE 

Table 16 - CaCOj Dispersibility In LDPE 

TTS, 
%    M*H Impact 
baaed 
on 

Tensile 
strength, 

Tensile 
modulus 

strength , 
, lt.-lb./ln. 

.»■'"»• 
Malt 
indai, 

Particles 
per 144 Filler, g./10 30 60 90 120 ISO ISO 

Formulation % tiller min. p.s.i. lO^p.s.l. ol notch Additive 

None 

sac. 

2.000 

sac. 

2,000 

aac. 

1 900 

sac. 

1.750 

sac. 

1,760 

aac. 

1,750 

g./10mln. sqin. 

Control (HDPE only 0 0 197 2.050 98 0 093 027 312 
BaSO, 30 0 20.8 2430 81 7 0.58 Emcol H31-Ai: 2 150 1.400 1.150 1.000 1,000 1.000 2.30 6 

30 3 220 2.460 490 0.60 Emcol 117= 1.900 1,400 1 300 1,260 1,100 1,000 1.90 16 
40 3 223 2,220 59 4 0.64 Glycerol 
5C 3 22.3 2.060 633 0.76 monostearale 2.150 1.400 1 300 1,250 1,250 1,150 3.87 8 
60 3 22.0 1.770 700 0 91 Emcol 116c 1.900 1.400 1,300 1.150 1,150 1,100 169 20 

ASP-100clay 30 0 140 2,510 998 0.40 
Aluminum 
oteate 1.650 1,600 1,400 1,300 1.250 1,250 1.80 44 

(aluminum 
silicate) 

30 3 129 3.020 133.2 0.60 Aluminum 
40 3 8.4 2.790 140,1 0.53 slearale 1.900 1.400 1,300 1.250 1.250 1,250 160 32 
50 3 1 5 2.490 1453 0.45 Tween QS« 2.500 1.500 1,250 1.000 900 900 1.25 7 
60 3 0 2350 150.9 0.37 Zinc slearale 1.900 1.650 1,400 1.150 1.150 1,050 2.30 44 

P-1 wollaslonite 30 0 165 2330 72.2 0.56 Pancm 220e 1.900 1.400 1.250 1.150 1.100 1.100 0 95 16 
(calcium 30 3 16.5 2.230 87.2 0.77 Ken-React TTS 1,250 900 900 900 750 750 4 17 16 
metasilicate. 
CaSIOj) <0 3 16.5 2.020 106 0 0.61 

50 3 149 1.800 121.3 0 88 a—Formulation  9 Darts ol LDPE and 1 pa t of dry biend con isimgotCaCOj (Camel-Tex) 

60 3 12 0 1,610 1308 093 b-LOfE &01, EXHOT Chemical C o 

CaCO, 30 0 16.3 1.960 217.9 0.53 
c - Witco Chemical Co 
d—imoenal Chemical Industries Ltd IICI 

(Camel Tex) 30 
40 
50 
60 

3 
3 
3 
3 

188 
184 
17 7 
178 

2.330 
1,730 
1,770 
1.800 

180.6 
163.4 
150 9 
130.8 

0 57 
0.78 
0 97 
1.01 

e—Baiter Castor O 1 Co 
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D.  Rigid PVC 

Table 17 demonstrates the efficacy of 
TTOP-12 and TTOPP-38 as impact modifiers in 
Rigid PVC.  TTOPP-38 when used in conjunction 
with a fine CaC03 (1-2 u) demonstrates a 
ninefold improvement in impact over untreated 
CaCOj at the 40% filler level.  It even sur- 
passes virgin.  TTOPP-38 is recommended for 
your further investigation for Rigid PVC. 

Table 17 
RELATIVI 
QARDNEFi 

PVC DS207 ^•CO. TTOP-12 TTOPP-38 IMPACT 
100 — — _ 100 
so 40 — — 12 
60 40 04 _ 51 
60 40 1.2 — 79 
60 40 — 0.4 ■ 08 
60 40 — 1.2 13 

Shown below is the Base A portion of a 
proprietary polyamide cured epoxy room 
temperature cured epoxy paint system. 

Base A 

Resypox 1628 
TTOPI-41 
Solvent 
Lecithin 
Pine Oil 
Flow Control Agent 
Tiü2 
Mg Silicate 
Clay 
BaS04 
Cab-O-Sil 

Non-Titanate Ti tanate 

607 607 
- 18 

285 285 
8 8 
8 8 
4 4 

300 300 
170 670 
150 650 
150 150 

20 20 

1702 lbs. 2720   lbs 

E.  Flexible PVC 

Table 18 shows th 
effect of TTOP-12 in c 
flexible PVC. It surp 
treated CaCO,) in perf 
the possibility of eit 
plasticizer loadings o 
loadings with no sacri 
processability. 

Table 18 

e super-plasticizer 
alcium carbonate filled 
asses Omyalite 90T (a 
ormance and presents 
her reducing ester 
r increasing filler 
fice in properties or 

, 2 3 4 
PVC 100 100 100 100 

OS 207 2 2 2 2 
DOP 40 40 40 40 

OMYALITE 90T - C»CO. 60 — — — 
OMYALITE 90 - C«C0. — 60 60 60 

TTOP-12 — ^ 06 1.8 
MODULUS -100%, ptl 1665 1956 1720 1485 
TENSILE STRENGTH, p«l 2345 2365 2305 2120 
ELONGATION, % 290 270 300 310 
HARDNESS, SHORE A 94 94 94 92-93 

F.  Epoxy 

Figure 33 demonstrates how TTOP-12 can 
prevent settling in granite filled epoxy. 
Table 19 shows that in addition to the pre- 
vention of settling this titanate reduced 
viscosity by 40%. 

Figure 33 

^•>'."' ;'-..
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Table 19 

EPON «28 
1 

100 
2 
100 

GRANITE FILLER 200 200 
TTOP-12 — 2 

BROOKFIELD VISCOSITY, cpt @ 25 F 154.000 94.000 

TTOPI-41 allowed double the total filler 
loading as compared to the prior art.  In 
doubling the total solids  loadings, the Ti02 
content was held at the prior art level with 
beneficial effects of no increase in vis- 
cosity.  These observations were drawn from 
the above work: 

Increased hiding 
Increased flexib 
Minimized chalki 
Increased chemic 
Concentrated H 
phosphoric aci 
the drawdowns. 
film resisted 
treated film d 

Increased therma 
A three mil we 
treated and ti 
were subjected 
hours.  The no 
degraded while 
film was left 

and whitening power, 
ility. 
ng. 
al resistar ce. 
CL, nitric c.nd 
ds were applied to 

The titanate treated 
attack while the un- 
eteriorated and dissolved. 
1 stability, 
t drawdown of the un- 
tanate treated paints 
to 250oF heat for 8 

n-treated film thermally 
the titanate treated 

unchanged. 

In aromatic 
(Bake System) th 
ings formulator 
regulations rela 
For example, pri 
of a minimum of 
corporate one pa 
unmodified liqui 
Resypox 1628 (R 
Now with titanat 
part of Ti02 can 
modified liquid 

amide cured epoxy coatings 
e titanates allow the coat- 
to pass current government 
tive to low solvent levels. 
or art required the addition 
40% solvent in order to in- 
rt of Ti02 to one part of 
d epoxy resin such as 
esin Corporation of America). 
es such as TTOPI-41, one 
be added to one part of un- 
epoxy without any solvent. 

In the prior art, grinding was required 
in order to disperse the TiOj into the solvent 
and liquid epoxy resin.  Now grinding is no 
longer necessary. 

The above statements were made on the 
basis of user evaluations. 

G.  Polyester - Alkyd 

Table 20 illustrates how TTOP-12 can 
reduce solvent levels, improve hardness, 
lower the bake temperature, and increase 
chemical resistance and provide other im- 
provements in alkyds. 
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TabI e   20 J. EPR 

EFFECT OF KEN-REACT TTOP-12 ON AN ALKYD COATING 
PIGMENT TO BINDER - 1:1 By Weight 
FORMULATION: 
NV Weight 60% 
Vehicle      85%     Short Tall Oil Alkyd 

15%    Melamine 
Pigment    95%+   TiOi (Non-Chalking, Rutile) 
Catalyst Toluene Sultonic Acid 
Titanate    1/2%     KEN-REACT TTOP-12 used on total paint 
BAKE: 15 Minutes @ 27S°F (100%F below normal practice) 
SUBSTRATE: 17 Bonderite 1000 

TITANATE ADVANTAGES 
• reduced the vehicle in grind by 50% 
• increased the hardness from B to Hall mil dry film thickness. 
• increase. 'i,int film resistance to pass 100 hours of 5% sa/( 

spray .»i jre. The film without KEN-REACT TTOP-12 had a 
1/4 lie•■ '.page at the scribe. With titanate the creepage 
was leu i i. ,n1 IB inch which meets the product specifications 

H.  Therruoplastic Elastomers (TPE) 

Table 21 shows how TTS allows 50 pi. 
calcium carbonate addition to a TPE polymer 
system while increasing tensile strength by 
one-third and not affecting modulus, 
elongation or set at break.  This shows that 
the titanate coupling agents do allow for 
high filler loadings in thermoplastic 
elastomers. 

Table    21 

EFFECT OF TTS ON 
THERMOPLASTIC ELASTOMER 

2 
100 TPE Polymer System 89A 100 100 

KEN-REACT TTS — 1.5 — 
CiCO.' — 50 50 

61 68 72 
100% Modulus 410 475 77i- 
300% Modulus 580 660 1160 
Tensile 1645 2170 2115 
Elongstlon-Ultlmatc, % 780 755 660 
Elongstlon-Set st Break, % 260 275 185 

Tabl e   2.1   rep 
viny 1   sil ane   with 
trif uncti onal   tit 
ing both water   wa 
The data clearly 
coup ling agents   c 
on  basis with   the 
done with aval lab 
Future   ch elated   a 
with thermoset   Y 
ing possi bilities 

resents a comparison of 
methacry]ic and acrylic 
anatos in a system contain- 
shed clay and HiSil 233. 
shows that the titanate 
ompete favorably on a head- 
silanes.  This work was 

le monoalkoxy titanates. 
nd pyrophosphato titanates 
functionality pose tantaliz- 

1 

Table   23 

EPR CABLE JACKET- 
METH*-«*YLIC & ACRYLIC TITANATE VS VINYL vILANE 

Vistalon4 Mistron Vapor—70; SP-33 Clay—''1; 
ZnO—5;      Oi-Oup R—C.5; bulfur—0.3 
# CARBONS   "OUPLING AGENTS 

0 Control—No Coagent 
4x3 Methacryllc Titanate' 
3x3 Acrylic Titanate1 

2x1 Vinyl Sllane' 
Original Properties @ 700F 
20' Cure at MW 
200% Modulus. PSI 
300% Modulus, PSI 
Tensile Strength, PSI 
Ult. Elongation, % 
Shore A Hardness 
1—Isopropyl trimethacryl titanate—100% solids—2 0 phr TTM-33S Usec 
2—Isopropyl triacroyl titanate—100% solids—2 0 phr TTAC-39S Use' 
3—Vinyl-tris (2-m«thoxyelhoxy) silane—100% A-172—Union Carbide Corp 

HiSil233 35; 

- 1.5        - — 
- -        1,5        — 
- -        —        1.5 

240 325 44S 405 
285 385 51Ö :;« 
715 1020 «C lj.3 
950 980 875 <J20 
70 74 7 75 

EPDM 

CPE 

Water washed clays such as Catalpo Clay 
are widely used in CPE.  Chlorowax 40 is a 
typical chlorinated plasticizer used in con- 
junction with CPE. 

Table 22 illustrates the fivefold vis- 
cosity reduction obtained with the use of 
TTOPP-38 in the system.  Work is continuing 
in thi" area. 

The data in Table 24 and their bar graph 
plot in Figure 34 represent a comparative 
evaluation of Vinyl Silane A-172 versus 
TTM-33S and TTAC-39S in a calcined clay 
filled peroxide cured EPDM cr.ble compound. 

It appears that the original properties 
of the titanates could be improved by in- 
creasing the -ure time.  The titanates age 
very well as compared to vinyl silanes - in 
fact seem to indicate an edge in this respect. 
This is shown graphically in Figure 35. 

Also, if one adju^   the plasticizer 
level, it appears that the monoalkoxy 
titanate could offer a wider range of tensile 
and modulus properties with significantly 
different elongations. 

Table 22 

Mooney Scorch values show TTM-33S to be 
very scorchy; TTAC-39S to be processable. 
Further studies in this area are warranted. 

1 2 
Catalpo Clsy 30      30 

Chlorowax 40 70      70 
KEN-REACT TTOPP-38 — 0 3 
Brookflsld Viscosity, GPS @ 25*0 90,000  18,000 
NOTE: Chlorowax 40 (m.w. ca. 580) and CPE (m.w. ca. 30,000) 
both have 40% chlorine content and similar chemical structure. 

Figures 36 and 37 are rheometer curves 
run at the 20 part and 10 part plasticizer 
levels.  These show a higher cure rate for 
the titanate TTAC-39S; confirm the somewhat 
scorchy nature of TTAC-39S and suggest low 
compression set characteristics. 
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Table   24 

EVALUATION OF KEN-REACT COUPLINQ AGENTS (TTM-33S and TTAC-39S) V*. A-172 VINYL SILANE IN EPOM 

Vistalon 2504 
AgeRlte Resin D 
Zinc Oxide 42-21 
Sunpar 2280 

Kenmlx Red Lead/P 5/1 
DiCup 40C 

White« (1% A-172) 
A-172 

White« (1% KR-39S) 
KR-398 
Whitex (1% KR-33S) 
KR-338 
Whitex Clay 
Original Propertie» 
20 mln. cur« @ 340Y 
200% Modulus, psi 
300% Modulus, psi 
Tansil» Strength, psi 
UH. Elong. % 
Shore A Hardness 

Aged Properties 7 days @ 150'C 
200% Mod. psi 
300% Mod. psi 
Tensile Strength psi 
Ult. Elong. % 

MOONEY Scotch @ 250^ 
S Pt. RIM, Mln. 

Mooney PlaatlcNy @ 250'f 
ML4-lb.-ln. 

70   hrs 
Compreaalon Set       Cured 

Figure    34 

IPDM/KROXIOE/CLAV 
Origlut Prop*ft)«i 
200% modulu* 

1 6 8 9 10     11 12       13 14 15 : 16      17       18 19       20 
ItT     100     100     100     100     100     100 100 100     100    100      100     100     100     100 

1.5      1.5      1.5      1.5      1.5      1.5     1.5 1.5      1.5      1,5     1.5       1.5      1.5      1.5      1.5 
5        5 5         5         5        5 

20       15 10        5      — 
5 5 5 
6 6 6 

5 
20 

5 
6 

5 5 
15       10 

5 ;    5 
6 '      6 

90      90       90      90 
2 2        2 2 

5 
6 

90 
2 

20 
5 
6 

5 
15 

5 
6 

5 
10 

5 
6 

5 
5 
5 
6 

100 100 100 100 100 
1.5 1.5 1.5 15 15 
5 5 5 5 5 

i   20 15 10 5 — 
5 5 5 5 5 
6 6 6 6 6 

90 
2 

90 
2 

90       90 
2 2 

90      90      90      90 90 

A-172 

90      90      90        90       90 
2        2        2 2 2 

39S NO COUPLING AGENT 

765     210     245     305     360     4/5 535 730 7/30 (495  1425 495 650 925 1165 
200     235     270     355     385     770 875 — — —    I605 705 855 1090 — 
765     680     645     630     535     975 965 1075 1625 1690  1870 855 960 1165 1285 
760     685     620     590     480     460 355 295 275 220   i590 485 425 390 285 

67       63       65       67       69       62 64 66 72 74    63 65 68 74 77 
j 

', I 
385     555     560     590     650   ,530 640 820 1095 —    |670 820 950 1170 1410 
485     540     660     665     705   1875 920 — — —     ,925 _ — — — 
750     670     710     705     765   |870 970 1090 1145 1340   980 7)00 1135 1305 1485 
640     530     480     390     390   |350 340 295 220 190  1360 320 270 260 240 

i.    @   2120F 
ICmin.    @   340oF 

33S 

360  405  505  565 830 
480 530  655  705 990 
840 840  960 1060 1070 
770 655  615  625 405 
62  64  67   70 74 

560 670 760 820 1340 
780 880  - -   — 
860 980 938 940 1440 
425 420 300 260  235 

f-1     ■                                              1 

1     l_ 
|«.172 ' " 

1 ,                                                                1 
|TT«C 

ITT«-! 
 ,                                                                                                                                          | 
  
ImilW 

{NONE s 
s   i | «-172 "^— 

|TTAC-39S ^ 
|TTM-33S s 

Figure    35 

EPDM/?EROXIDE/CLAY 

Aged Properties 
200% modulus Isnsll« 

TTÄC-39S 

n 

TTAC-39S 

•longstion 

TTAC-39S 

Figure    37 
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L .      HypaIon 

Figure   38   illustrates   the   before   and 
after   effects   of   a   soft   clay   filled   Hypalon 
injection   molded   compound   containing TB2NS-26. 
Prior   to    titanate   treatment,    the   compound   was 
running   at   a   high   rejection    level.       After   the 
inclusion   of   TB2NS-2b   into   the   compound,    it 
eliminated   rejects   entirely. 

F igure    3 8 

BEFORE AFTEK 

M.      SBR 

In   Table    26   we   show   the   very   strong 
modulus   response   the   titanates   have   on   an 
oxidized   Regal    300   carbon   black.       Work 
with   untreated,   standard grade  blacks  is  in 
progress. This   suggests   more   work   in   the 
treatment   of   oxidized   blacks   with   titanates. 

Table   26 
SBR-CARBON BLACK SURFACE OXIDIZED WITH 

Cl(0 Cl). 
SBR 

Regal 300—1% Ci(0 Cl), 
Zinc Oxld« 
Sulfur 

Santocur* NS 
Staarle Acid 

Kanplatt RD 
Naozona A 

KEN-REACT TTNC-17 
KEN-REACT TTNS-19 
KEN-REACT TTP-34 
Original Propartlaa 
Cura 30 Min. @ 330'F 
300% Modulua, pal 
400% Modulua, pal 
Tanalla, pal 
Elongation, % 
% Sat at Braak 

Silicone   Rubber 

100 100 100 100 
50 50 50 50 
4 4 4 4 
2 2 2 2 
1 1 1 1 

10 10 10 10 
2 2 2 2 
— 2 — — 

-   2 

740 1200 950 )660 
7260 1930 1420 2540 
2290 3745 2920 2680 
560 560 620 420 

72 13 12 3 

AFTER 

Table 25 shows the 40% reduction in 
Mooney viscosity one can obtain with the use 
of TTS.  In addition, you will note the high 
elongations obtained with TTBS-9. 

Table 25 

EFFECT OF KEN-REACT TTS AND TTBS-9 ON 
SILICA FILLED HYPALON PROPRIETARY PRODUCTION 

RUN 
1 

100 
80 
40 

Undisclosed 

2 3 
100 100 
80 80 
40 40 

0.8        — 
-        0,8 

Hypalon 40 
SilerwD 

DOP 
Sulfur Cura Syatem 
KEN-REACT TTS 
KEN-REACT TTBS-9 
Cure: 30 min. @ SS pal steam 
Mooney Viscosity 
Scorch Time, min. 
Tenalle, pal 
Elongation, % 
Hardnesa 

Amino   titanates   would  be   expected   to 
give   similar   rheology   with   higher  physicals. 
The   effect   of   Amino   titanates   on   electrical 
properties   has   not   been   established.  Caution 
should   be   exercised   until   they   are. 

56 36 48 
16 23 16.5 

1415 1340 1230 
340 410 550 
82 80 78 

Monoalkoxy   titanate    treatment   of   fillers 
facilitates   the   incorporation   of   high   filler 
loadings,   even   in   low  shear   polymers   such   as 
Silicone.      The   incorporation   of   high   filler 
loadings   without   an   increase   in   hardness   has 
many   subtle   advantages.       Reviewing   physical 
properties   alone   without   regard   to   the   end 
application   of   the   polymer   compound   may   result 
in   the   investigator   passing   up   some   amazing 
benefits   to   be   derived   using   titanates. 

'rable   27 NOVAKUP FILLED HTV SILICONE 
RUBBER MOLD COMPOUND 

COMPOUND 
Stauffer SWS-729 
Novacite—No KEN-REACT 
Novakup L-237-TTS—0.5 
Novacite—TTOP-12—0.5 
Novacite—TTM-33S—0.5 
Varox 

10 Minute Cure @ 300* F 
Tensila 
Elongation 
Tear, Die B 
Hardness 
15 Minute Cure @ 300* F 
Tensile 
Elongation 
Tear, Die B 
Hardness 
Number of Parta Produced By 
Mold Before Failure 
W Section—Closed Duty 
Syatem @ 850* F to 900' F 

1 2 3 4 
100 100 100 100 
100 — — — 
— 100 — — 
— — 100 — 
— — — 100 
0.8 0.8 08 0.8 

  460 500 410 
— 380 200 250 
— 41 42 50 
— 60 65 55 

718 500 530 460 
178 350 210 280 
65 40 38 37 
73 65 65 65 

11     220     180       95 

Table   27   shows   a   100   phr   filled  Novacite 
(or  Min-U-Sil)   methyl   vinyl   siloxane   polymer 
system  which   is   used  as   a   mold   for  making 
parts   in   a   closed   duty   system  at   850oF   to 
900oF.      The   use   of   monoalkoxy   titanate   on   the 
Novacite   to  make   Novakup   type   fillers   had   the 
following   advantages: 

1. Lowered   compound   cost 
2. Made   mixing   easier 
3. Increased   Thermal   Conductivity 
4. Increased   Mold   life 2000% 
5. 1/2%   of   TTS,   TTOP-12   and   TTM-SST 

made   the   stiff   and   boardy  Silicone 
rubber   stock   soft   and   flexible. 
The   compounder   noted   that   he   could 
have   easily   upped   the   physicals   by 
adding   another   50   phr   filler. 
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NYLON 66 FOR WIRE AND CABLE APPLICATIONS 

Augustin Chen 
Celanese Plastics Company 

Summit,   New Jersey 

Summary 

This paper is to acquaint the wire and cable industry 
with Nylon 66  for wire and cable coating applica- 
tions and to compare the property and processing 
characteristics of Nylon 66 with Nylon 6. 

Based on the comparative properties and processing 
characteristics of Nylon 66 and Nylon 6,  and after 
reviewing the results of evaluations at various wire 
manufacturers,   it is believed that Nylon 66 is an 
excellent material candidate for wire and cable 
coating applications. 

INTRODUCTION 

In view of the increasing interest in Nylon 66 for wire 
coating UL approved applications,  this paper is 
intended to summarize the basic properties and 
processing conditions of heat stabilized Nylon 66 vs. 
heat stabilized Nylon 6. 

In addition, important wire coating process para- 
meters wi.I be reviewed in its relationship to heat 
stabilized Uylon 66*. 

'" L WIRE DESIGNATIONS 

The following are the definitions for UL wire 
designations: 

Class   T thermoplastic is acceptable for use 
up to 60°C (140°F). 

Class TW thermoplastic is moisture resistant 
and acceptable for use up to 60°C  (140°F). 

Class THW  is heat and moisture resistant and 
acceptable for use up to 750C (1670F). 

Class THH  is highly heat   resistant and 
acceptable for use up to 90oC (194°F). 

Class TF is flexible,  highly heat resistant and 
acceptable for use up to 90oC (1940F). 

Class TFF  is more flexible (compared to class 
TF),  highly heat resistant and acceptable for use 
up to 90°C (194°F). 

N  is the designation meaning that the above wire 
types are nylon jacketed. 

MTW means machine tool wire with THHN, 
THWN rating plus additional hot oil-resistance 
rating of 90°C. 

*Celanese Nylon 1003-1 manufactured by Celanese 
Plastics Company,   and approved by UL for use in 
wire coating applications. 
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In summary, THWN type wire is PVC insulated wire, 
with a nylon jacket (over-coating),  approximately 
0. 004" thick, which is moisture resistant and 
acceptable for use up to 75°C. 

THHN type wire is PVC  insulated wire with a nylon 
jacket (approximately 0. 004" thick), which is 
acceptable for use up to 90°C. 

The above two wire types are used extensively in the 
building construction industry.    Other areas of use 
are Fixture Wire and Machine-Tool Wire and Cable. 

BRIEF HISTORY OF NYLON'S EVOLUTION 
IN THE WIRE AND CABLE INDUSTRY 

A.    Early History 

Prior to the early 1960^,   most nylon jacketed wire 
utilized Nylon 610,  due to the low moisture absorp. 
tion characteristics of that resin.    At that time,  the 
industry believed that moisture absorption would 
cause a reduction in the insulation properties of the 
wire.    Subsequently,  a Nylon 6 supplier demonstra- 
ted that as long as the primary wire insulation (PVC) 
was satisfactory,  the moisture content of the nylon 
jacket had negligible effect on the insulation 
properties of the wire. 

Nylon is used as a coating (0.003" - 0. 01r" thick) 
over PVC in THWN and THHN type wire for the 
following reasons: 

1. Improved abrasion resistance. 

2. Chemical resistance - especially to oil- 
based products. 

3. High strength,  which allows smaller 
diameter wire to be used. 

4. High toughness, which allows considerable 
wire flexing without break. 

5. Heat stability,  which allows use at tempera, 
tures as high as 250°F continuously. 

6. Low coefficient of friction - in many appli- 
cations this reduces installation time (e. g., 
"Snaking" through conduits). 

7. Reduction of plasticizer and stabilizer 
migration from the PVC   insulation. 

Based on economics (the expense of Nylon 610),  it 
was  only natural that once UL approval was obtained 
many wire and cable manufacturers would and did 
switch to Nylon 6,  where other specifications did 
not dictate otherwise. 
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B.    Present Industry Status 

For the vast majority in the building construction 
industry, UL approval controls the type of v.'ire to be 
used.    Although both Nylon 610 and Nylon 6 'ormula- 
tions are presently approved,  the majority of the 
wire product utilized is Nylon b.    Based on the forma- 
tion generated to date,   it is our opinion that Nylon 66 
will perform equivalent or bettet- than Nylon 6 in the 
approved wire coating applications.    Cela'\ese Nylon 
1003-1 has been approved by UL. for use iii wire 
coating applications (THHN,  THWN). 

B.    Importance of UL Approval 

Although a number of wire and cable coating applica- 
tions do not require UL approval,   it is estimated that 
they represent less than 10% of the total market. 
Examples of iapplications that do not require UL 
approval are push-pull cables,  pulley cables,  and 
wire insulation for "in-house" use  or special 
applications. 

WHAT IS HEAT STABILIZED NYLON 66 
AND HEAT STABILIZED NYLON 6? 

By definition,  nylon is a generic term designating 
any long chain synthetic polymeric amide with 
recurring amide groups as an integral part of the 
main polymer chain. 

The addition of a heat stabilizer increases the 
continuous use temperature of both Nylon 66 and 
Nylon 6 from 180°F to 250°F. 

Nylon 66 

Continuous Process 

In the continuous process in which the salts are fed 
at a designed rate into the reactor so that it 
creates no holding time for the reactants.    Since 
the resin mass moves amounts where heat level 
and duration can be closely  controlled,  the degree 
of polymerization of the final product can be more 
accurately established. 

The continuous process produced a Nylon 66 which 
has reduced heat history (and therefore greater 
heat stability) and is whiter,  cleaner and with 
greater uniformity in properties and processing 
characteristics.    What this means is: 

Greater heat stability 

Greater property uniformity from lot to lot. 

Nylon 6 ' 

The chemical structur for Nylon 6 is the following: 

H       HN (CH2)5 CO      n       -        OH 

Nylon 6 is manufactured by polymerization of 
Gaprolactam,  either by the batch or continuous 
process methods. 

THE PHYSICAL AND MECHANICAL 
PROPERTIES OF NYLON 66 AND NYLON 6 

Key physical and mechanical properties of Nylon 66 
and Nylon 6 are listed in TABLE I. 

The chemical structure for Nyl jn 66 is the following. 

H    HN    (CH2)6      NH    CO     (CH2)4   CO    n   -   OH 

Njlon 66 is manufactured by reacting equal amounts 
of hexamethylene diamine and adipic acid,  in an 
equeous solution to form hexamethylene diamonium 
edipate (nylon salt).    Originally, the batch method 
was used to produce Nylon 66.    With the advance in 
technology,  the continuous process has been 
developed and employed by Celanese to produce the 
finest Nylon 66 available. 

Batch Process 

In the batch process, the salts are fed into an 
autoclave,  cooked and stirred until polymerization 
is completed.    The batch is then avunped,  chopped, 
ground,  extruded into strands and chopped into 
pellets.    Proper polymerization requires the 
accurate application of heat,  both in temperature 
level and length of time.    These factors are 
difficult to control in a mass of material which is 
inherently a poor conductor of heat.    This is a 
tough way to get a uniform product and the product 
resulted from the batch process has pretty much 
defined the problems which have traditionally 
faced the nylon customeri 
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A. Mechanical Adhesion to PVC Coated Wire 

There is no chemical bonding between the nylon 
jacketing and PVC insulation.    Jacketing "tightness" 
is achieved through the thermal contraction and 
shrinkage of nylon upon cooling from its process 
melt temperature (related to melt point) to room 
temperature. 

As the coefficient of thermal expansion foi Nylon 66 
and Nylon 6 are similar,  it is expected that the 
substantially higher melting point of Nylon 66 (495°F 
vs.  420°F for Nylon 6),  greater contraction would 
occur with a Nylon 66 jacket when cooling from its 
solidification point to room temperature.    In addition, 
a slightly higher shrinkage rate for Nylon 66 (18 in/in 
vs.  13 in/in for Nylon 6;   greater contraction would 
occur with a Nylon 66 jacket.    This would induce 
higher mechanical bonding forces between the PVC 
insulation and the Nylon 66 jacket, achieving improved 
mechanical adhesion. 

B. Heat Stability 

Long Term 

Both heat stabilized Nylon 66 and Nylon 6 offer equal 
long term heat resistance.    Both nylons have a 
continuous end-use temperature of 250°F. 

Short Term 

For short term heat resistance (e.g.,  over-load 
conditions,  soldering terminals close to the wire). 
Nylon 66 has a significant advantage due to its 
higher melting point (495°F as compared to 420°F 
for Nylon 6). 

C.    Moisture Absorption 

The following data illustrates moisture absorption 
and dimensional characteristics of Nylon 66 and 
Nylon 6. 

Relative Humiditiea 

Nylon 66 20% SOU 75T. 100% 

Munture Cain,  % 0.95 2.50 4.75 9.00 

Dimensional Change 't a.zi 0.60 1,15 2.110 

Nylon 6 

Moieture C*in,  % 1.05 2.70 5.10 9.50 

Dimension»! Change, %■ 0.30 0.70 1.35 3.0U 

As moisture absorption results in dimensional 
growth.  Nylon 66 has an advantage over Nylon 6 
because of lower moisture absorption characteristics 
of the nylon jacketing after processing which will 
result in a higher mechanical bond strength between 
the jacket and the PVC  insulation.    This will reduce 
the tendancy for wrinkle of the nylon jacket upon 
handling,  such as assembly,  re-spooling and bonding. 

D.    Cracking Resistance 

Based on elongation (ability of the material to give) 
listed in TABLE I,   it might be assumed that Nylon 6 
offers  slightly improved crack resistance compared 
to Nylon 66.    However,  after both nylons have 

absorbed equilibrium moisture, their elongation is 
equivalent.    It is our opinion that this property is of 
a major concern in predicting the cracking tendancy 
of a coating. 

Our field testing of UL approved heat stabilized Nylon 
66 has resulted in a no crack situation compared to 
heat stabilized Nylon 6. 

PROCESSABILITY 

A higher heat profile (due to a VS'F higher 
crystalline melting point of Nylon 66)   may be 
required to process Nylon 66.    It should be pointed 
out however, that heat stabilized Nylon 66 has been 
successfully processed under heat stabilized Nylon 6 
processing conditions. 

During evaluations at various wire houses,  it has 
been noted that Nylon 66 generates little or no is moke 
as the melt exits the die, while Nylon 6 wire coating 
grades (with or without plasticizers) generates 
considerable smoke.    Although there has been no 
reported problem as ^ociated with Nylon 6 smoke 
generation.  Nylon 66 has been classified as a 
"cleaner" compound by several wire houses. 

Laboratory and field test data has concluded that the 
maximum recommended moisture content for Nylon 
to successfully wire coat is 0.15%.    Several key 
process variables are discussed as follows: 

A.    Extruders Design 

There are presently two basic types of extruders, 
non-vented and vented, available for wire coating 
applications. 

An extruder is essentially a pump which has the 
function of uniformly delivered melted polymer 
through a breaker plate into a die which lays a coat 
on the wire.    The extrusion of the wire coating is a 
steady state process and one of the key parameters 
is UNIFORM delivery of the melt to the die. 

1. Non-Vented Extruder 

The non-vented extruder,  Figure 1,   is the most 
common extruder used in the wire coating 
industry.    With proper screw design and heat 
control,  both Nylon 66 and Nylon 6 can be 
satisfactorily processed,  as long as the volatile 
level (moisture content) in the resin is lower 
than 0.15%. 

2. Vented Extruder 

This type of extruder is not widely used by the 
wire coating industry, because of two stage 
compression screw is required which will result 
in the following disadvantages: 

a. Pressure surges in the melt which will 
result in non-uniform output at the die. 

b. Intermittent blockage of the vent which 
would require down-time to clean. 

*Celanese Nylon 1003-1,  a heat stabilised non- 
lubricated Nylon 66. 
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However,  there are several advantages for using a 
vented extruder: 

a. Nylon volatile level (moisture content) 
higher than 0.15% can be used in wire 
coating without pre-drying the material. 

b. Gases generated during the melting 
process are drawn out via the vent 
leaving a bubble  o.  void free melt. 

B. Temperature Control 

To successfully (because of the sharp melting point) 
extrude nylon for wire coating,  sufficient heating 
elements are mandatory on the extruder, especially 
at the breaker plate.    Accurate temperature control 
devices are recommended. 

The importance of adequate heat control for nylons, 
both Nylon 66 and Nylon 6 should not be over 
emphasized. 

C. Processing Conditions 

Typical processing conditions for Nylon 66 and Nylon 
6 are listed in TABLE 11. 

As shown in TABLE 11, the processing conditions for 
extrusion wire coating, both types of nylon,  are 
essentially identical with the (xception being a 
slightly  higher temperature profile for Nylon 66. 

Typical processing conditions for Celanese Nylon 
1003  which were experienced on various wire coating 
machines are listed in TABLE III - VIII. 

Celanese Nylon 1003.1 (Nylon 66) is fully approved by 
UNDERWRITERS LABORATORIES,  INC  for MTW 
(Construction B), TEN, TFFN,  THWN and THHN 
type wire and cable including gasoline and oil 
resistance. 

TYPICAL SINGLE ■ SCIlfcW" EXTRUDKR 

(NON-VENTEDI 

TAHLE III TAl.l.E IV 

^ir^der M(r:                       D- via Standard Extruder M/r: Sterling 

C. ^tmg Line Tendon Coating Line: Tendon 
gcrrw Diameter: 2-1/2 Screw Diameter: 2-1/2 

L/D Ratio: 24/1 L/D Ratio: 20/1 
Wire Size: 12" eaufii Wire Size: 10- g«u^ 

Cylinder Temperature Sett! "E» Cylinder Temperature S 
Rear Zone: 

■ ctti m* 
Kear  Zone: SSO'F blQ'F 

Rear Center Zone: S90*F Rear Center Zone: 54QT 

Front Center Zone: 580'K Front Center Zone; 5f.0-F 
Front Zone: CO0*F Front Zone; MO'F 
Adaptor Tempt-rature: ibQ*F Adaptor Temperature: ^bO'F 

Die Temperature: btii'F Die Temperature: 62C*F 

Melt Temperature: 550*r Melt Temperature: 530'F 

Uater  Bath Temperature: 75*F Water bath Temperatur e; 70*F 

Screw Rotational Speed: 20 RPM Screw Rotational Speed; AC   RPM 

NU-.tur   Load; H Amp» Motor Load: 12. ■ M   M.I^S 

S.reen Pack: lOu Mish Screen Pack; 220 Mesl 

Vju-uum Pressure: P. In.U-b Vacuum pressure: N'.nc 

T-ke Oil Speed: 5)0 «/min Take Oft Speed; 400 (t/m 
N-.atcnal Out-put: •1Ü Ihs/lir Material Out-put: ^0 lbs/:, 

fEEO    THROAT 

COOLING  JACKET 

l»0T*«V  JOINT 

ro.   *c.t«  toOLiMO  I 
If (CO  ICC*!   OrtL» I     v 

WiTEfl/ 
OUTLET 

^     MOTOSäN „£«TCH     BANO        / OlE   Ht«T£B5 

_)     g 5 BUEAKE»   PLATE   B SCHEEN PACK 

lypuil Pro^i- »»j« Cull 111 mil.. 

N'.a.hinc 2-1/2" Ext 1U0 cr 

L/D: ion - liil 

Strow: i    7.0I1C "Ny ID« l"    ^CIL'W 

Nylon 66 

Rfir Zone 490   . jlO'F 510 .  530'F 

Rcdr Center Zone 500 - 540 T 530 -  iiO'F 

Front Center Zone 510 . ä40-F 530 .  ibO'r 

Front Zone 430 . 458'F 540 . HOT 

Adaptor 550 . iia-F 560 . SHOT 

Die 510 . SJO'F 520 . 5oOT 

ML-U Temperature 520 - 54ü'F 530 -  500^ 

Water bath 70 - luO'F 70 -   100"F 

Take OH Spucri 50 - 1200 ft/nun 50 .   1200 Il/min 

.Jacket Tlucknen 0. OOi -  0. olO in 0. 003 . 0,010 in 

Vacuum on hand s - a inclica 5 -  d inchel 

TABLE VI 
."ABLE V 

1 

Extruder; Eolwistle 

Extrude.- Mir:                           Dav.s Standard Coalint; Lino; 
Si. rcw  Diameter; 

Ttndon 
2-1/2 

Coating Line: 
Screw Diameter: 
L/D Ratio: 

Single 
2-1/2 
20/1 

L/D   Ratio; 
ttir« Sire; 

27/1 
14" raupt 

Wire Si»: IV gauge 

lr.t'1 

C> linder Temperati ire Set; inp» 

Cylinder Tcrnneratun Sett Rear Zone: 
Rear Center Zone: 

i.-10'F 
t.'.O'F Rear Zone: 540'F 

Rear Center Zone: StO'F Front Center Zone: SGO'F 

Front Center Zone; SVO'F Front Zone; blQ'i 

Front Zone: isO'F Adaptor Tenipcratu re; blU'F 

Adaptor   Temperature: ibO'F Die Temperature: r.20*F 

Die Temperature: ^eo'F Melt Temperature: 5t.0'F 

Melt Temperature: blO'F Water Hatt  Temper aturc: feO'F 
Water Bath Temperature; 70*F St. reu  Rotauonal Si ..■et:. 40 iU'M 

Screw Rotational Speed: 50 RPM Motor   Load: ll< Amps 

NWtüT  Lo*d: l(-.20 Amps Scrccti PacK: 11)0 Mc-h 

Screen Pack: 300 Me»h Vacuum Prefisure: l". Inches 

Vacuum Presaurt: %unt Take Olf Speed: 3L0 ttJmv 
Take Oil Speed: 10U0 (t/mm Material Out-puti 

Material Out.put: 75 Ujs/hr 

TABLE VII TAHLE V1U 

Extruder Mfr; iTo.lex Extruder Mfr; Reliance 

Coating Line Tei.clon Coating Line: Single Lstru. 

Screw Dianicter; 2-1/2 Screw  Diameter: 2-1/2 

L/D Ratioi 20/1 L/D Ratio: 5/1 

Wire Size: 12" smifC Wire  Si^c; w t»"i;c 

C>liin]( r Tcnipcrat in- S< ttim» f.j linder Temperatur e Sett n.fü 
Rear Zi.iMil 530'F Kc.ir Zone; 520"F 

Kear Center Zone: 54'-.-F Rc.r Center  Zone: LOOT 

> ront Center  Zone: i'.o r Fr0.1l Center Zone: SOOT 

Front Zone: 510   F Front Zone: ilO'l 
Adaptor Temperature: 185^ Adaptor Temperature: 

Die Temperature: '5«0'F Die T emperature; 510'F 

Melt Temperature: StO'F Mill T emperature: 5I0'F 
Water  Lath Tempnatun Air (oid V. ^tc-r Hath Tempera lore: 7r'F 
Screw Rotational Speed: U   I'.i'V Si row. Rotational Speed: Ui  RPM 
Motor  Lo.id: 12   ',.: 1 - Motor Load: 4 5 Amps 

Screen Kack: IhO .'«;> ■■* S. reen Pack: IfcO Mesh 
Vacuum Prebsurc: None Vacuum Pressure: 7 Inchel 

Take Oil Speed: 41    H;;iii Tal c Olf Speed: 650 Il/min 

Material Out-put: Material Out-put: '.0 Ibs/hr 
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BLOCK COPOLYMER RUDBERS FOR WIRE AND CABLE APPLICATIONS 

J. L. Snyder and W. R. Hendrlcks 
Shell Development Company 

Houston, Texas 

SUMMARY 

ELEXAR™ thermoplastic rubbers represent a 
new class of commercially available block copolymer 
products specially designed  for wire and cable appli- 
cations.     These materials  represent a union of super- 
ior electrical properties with flexibility and tough- 
ness,   in a product wbicl   can be processed with  the 
speed and economy of a thermoplastic.     Such qualities 
yield to the  user the benefits of design versatility, 
product simplification,   lower capital  investment,  and 
operating cost savings. 

These rubbers are extremely versatile and 
with compositional variations,  yield products with a 
wide variety of physical and mechanical properties to 
suit particular requirements.     Products are available 
with Shore A hardness values  from 60  to 95 and speci- 
fic gravities  from 0.9  to  1.2,  all of which show the 
feel and flexibility expected of rubber.    Tensile 
strengths of  these materials range  from 1500 to 3000 
psl,   tear strengths are greater than 400 pll,   they 
have good thermal properties,  resist oxldatlve and 
ozone degradation,  and have withstood one year outdoor 
exposure in Florida with no  loss In mechanical proper- 
ties.     Electrical properties of these new products are 
Impressive;   i.e.,  ELEXAR rubber grade 8431Z has a die- 
lectric constant of 2.2,   constant across the  frequency 
range  from 1 Hz  to 100M Hz with a power factor of 

These new block copolymer products have ex- 
cellent resistance to water, alcohols, acids, and 
bases. Some ELEXA'l rubber grades have oil resistance 
approaching that of compounded and vulcanized chloro- 
prene as required iff U.L.-62 standards. Other grades 
are flame modified to pass the horizontal or vertical 
flame tests. Products are being developed which will 
pass the tests required to obtain U.L. ratings of 125° 
and 150°C. 

Random copolymers may be represented by sty- 
rene-butadiene rubber or SBR.    This  rubber contains 
styrene combined  in a more or less  linear and random 
fashion with butadiene.    Molecules of this  irregular 
composition and structure  fit poorly together alongside 
one another.     The mutual forces of attraction between 
chains  remain small.    Chain entangling is  the predomi- 
nant  source of cohesion.     For useful properties  to be 
obtained,  such a random copolymer must be subjected  to 
a chemical crosslinking process. 

When the constituent monomers of a polymer 
are now arranged in block sequences, a  form of molecu- 
lar orientation can take place in  the solid due to 
mutual  Incompatibility.     If  the composition of an S-EB- 
S polymer contains about  30% styrene,  the uniform sty- 
rene  end blocks  form a discrete dispersed phase,   the 
so-called "domains".    These domains will be submicro- 
scopic,   governed in size by  the statistical  chain 
length of a polystyrene end block.     The center block or 
E-B component will  form a continuous phase.     A diagra- 
matic  representation of this arrangement  is  shown in 
Figure 2.     The polymer mass  consists of two phases. 
One phase exists as polystyrene agregates  referred  to 
as domains.    These domains are dispersed  in a contin- 
uous  rubber matrix of ethylene-butylene polymer.     Each 
individual S-EB-S molecule has its chain ends  in a 
polystyrene domain and its  center segment  in  the con- 
tinuous poly(ethylene-butylene)  phase.    At  subzero 
temperatures,  the polymer remains  flexible and rubbery 
because  the continuous phase has a low second order or 
glass  transition temperature  (about -60CC).     As  the 
temperature Is raised to service  temperatures  there  is 
little  change in the physical properties.     The styrene 
domains remain hard and glass-like anchoring  the ends 
of all  the chains.     In effect  these PS domains act 
both as multiple cross-links and as bound  filler par- 
ticles. 

Compounds based on the styrene-ethylene 
butylene-styrene three block polymers are thermoplas- 
tic and can be  readily processed with standard  thermo- 
plastic extrusion equipment,  and at rates which com- 
pare favorably with other commercial  thermoplastic 
polymers.     They can also be  injection molded for such 
applications as plugs,   boots,  harnesses,  and connec- 
tors,  offering significant  cost savings over conven- 
tional cured products. 

Block Copolymers 

Solution polymerization of styrene and buta- 
diene or other monomers  in a controlled manner can 
produce block polymer.     These polymers have their 
constituent monomers arranged in pure block sequence. 
The block polymer under  consideration here Is composed 
of three blocks  in the sequence,  block polystyrene— 
block poly(ethylene-butylene)—block polystyrene,  or 
S-EB-S.     A comparison between this type of molecular 
construction and other common polymers  is shown In 
Figure 1. 

In a homopolyraer such as polyethylene,  one 
monomer is arranged more or less linearly in the poly- 
mer molecule.     Subtle variations in the size,   degree 
of branching or regularity of the molecule chain make 
important contributions  to  the overall physical pro- 
perties of this type of polymer. 

At  temperatures close to the glass  transition 
temperature of PS  (~100°C)   the PS domains begin to 
change  from the hard glassy state to a soft  rubbery 
material.     At higher temperatures  these domains revert 
to a viscous  fluid and can be disrupted by applied 
stress.     The physical crosslinks of the domains are 
essentially eliminated and  the polymer will  flow under 
pressure.     In effect,  a material of very high molecular 
weight becomes one of very  low molecular weight.     On 
cooling the domains quickly reform again,   immobilizing 
all  the chain ends and re-establishing the  three-dimen- 
sional  elastomer network. 

The absence of unsaturation yields  resis- 
tance  to ozone,  U/V light and heat.     Chemical resis- 
tance  to corrosives and to some solvents is  also good. 
Anything,  however,  which will swell or attack poly- 
styrene  can disrupt  the domains and reduce  the extent 
of physical cross-linking.     The good electrical pro- 
perties are due  to the polymers low density,   non polar 
monomers,  and freedom from ionic contaminants. 

In summary, the S-EB-S three block copolymer 
combines thermoplastic behavior, rubber-like character 
and molecular stability In a good dielectric. 

Processing and Properties of Block Copolymers 

With the aid of modifying additives, readily 
processable      grades    for wire and sheathing can be 
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formulated.     Representative  are  the  four grades of 
material outlined  In Table  I  covering a range of hard- 
ness  from 65  to 95 Shore A units.     These grades all 
show melt   flow values  typical  of  thermoplastics.     The 
softer more rubber-like material,  8431Z,  has a specific 
gravity of about 0.9,   the harder stiffer more highly 
formulated grades have gravities of about  1.0 to  1.2. 

Viscosity Behavior and Processiug Conditions 

All  four grades  are  compounded and pelletized 
for easy  extrusion.     The  data  of  Figure   3  Illustrate 
that in the range of typical extrusion shear rates all 
compounds show viscosity-sh"3r rate dependence—visco- 
sity decreases  rapidly with  increase of shear rate 
analogous   to  polypropylene.     In  practice,   this means 
that increasing line speed will not result in increas- 
ing head  pressure. 

Equipment used  for  the processing of poly- 
ethylene,   polypropylene or  PVC can normally be used  to 
extrude block   copolyraer   grades.      Because   of   the 
domain linked network,  uniform melts require more shear 
than can be obtained with very  deep  flighted low com- 
pression screws.     The use of screen packs to increase 
the back pressure readily provides  the added shear 
necessary  to obtain a well plastlcized melt. 

Processing of three block copolymer com- 
pounds is best with a combination of temperature,  back 
pressure,   screw speed and die arrangement which re- 
sults in  the maximum shear  immediately prior to  the 
die.     Both PVC and polyolefln dies have been used suc- 
cessfully,  particularly  if  the  tip  is moved fairly  far 
forward into the die.     A set  of  typical operating con- 
ditions  for the four grades  is given in Table II. 
Based on experience to date,   conventional wire extru- 
sion coating lines work well with  the block polymer 
compounds  discussed here.     The need for high shear to 
obtain good melt homogenization  is stressed to avoid 
rough extrusion.     Control over surface  finish can be 
obtained with properly profiled cooling and use of 
proper melt and die temperatures. 

Extruded and Molded Properties 

In Table  III  are  s 
stress-strain data obtained 
mer wire coating.     The  tensi 
is in the  region of 2000 psi 
extension  is about 1000 psi. 
lowest in Shore A hardness, 
grade also has  the greatest 
the most  rubber-like charact 
coefficient of friction,  etc 

et   forth  some  typical 
on extruded block copoly- 
le strength of all grades 
and  the modulus at  200% 

That  for grade 8431Z, 
is somewhat lower.     This 
elongation and exhibits 
er—low deformation,   high 

Additional properties of  interest are  listed 
in Table IV.    The properties were determined on injec- 
tion molded test pieces.     In common with most poly- 
mers,  injection molding of block copolymer grades 
imposes anisotropic behavior on  the product.    Where 
test results could be  influenced by the direction of 
test, measurements were made  in the  flow or parallel 
direction to approximate extrusion behavior.    The data 
of Table   IV show  that block copolymer  compounds  have 
acceptable  tear strength,  abrasion resistance,  and 
water resistance.     Stress crack resistance and low 
temperature  flexibility are very good for all com- 
pounds. 

Electrical Properties 

The  S-EB-S    grades    show   a   range   of  elec- 
trical properties  from excellent  to good.     Dielectric 
constant   ranges   from 2.2   to  about   2.8  depending  upon 
the extent of compounding and  is  reasonably constant 

over the range of frequencies  from 10^  to  106 Herz.     The 
volume  and surface resistivities are also  in the range 
of a  good  dielectric.     Highly  modified,   fire  resistant 
S-EB-S  grades  are only modestly  reduced  in overall 
electrical  properties.     A summary of the electrical 
measurements   is  presented  in Table  V. 

Solvent  and  Chemical  Resistance 

Chemical composition and structure of S-EB-S 
block copolymer determines the behavior toward chemi- 
cal and physical attack.    Modifying additives  can ex- 
ert some  influence or. environmental  stability of  the 
polymer.     The hydrocarbon composition predicts  good 
water resistance and  this is  found.     Attack by other 
solvents  and  solutions  is predicated on their chemi- 
cal composition.     Aqueous solutions,   neutral  or corro- 
sive,  have  little effect nor do alcohols and glycols. 
Swelling  In oils and similar  fluids  is also governed 
by their composition.    Aromatic compounds are capable 
of disrupting the styrene domains and hence destroying 
the network,   aliphatic materials are resisted.     Some 
data on the  resistance shown toward various  solvents 
is  given  in  Table VI. 

Ozone,   Oxygen and Weather Resistance 

Ozone attack is seen mainly  in stressed,   un- 
saturated  polymers.     The  1>EB-S block  copolymers  con- 
tain essentially no ozone sensitive unsaturation and 
show almost no reaction toward this  gas.    Oxygen  is 
also non-reactive toward S-EB-S  for much the same rea- 
son,   there are simply no sensitive portions of  the 
molecule capable of facile chemical combination with 
oxygen.     A more practical measure of product stability 
is the determination of outdoor or weather resistance. 
Over a  two-year period S-EB-S   grades   have   shown   ex- 
cellent  outdoor stability.    Some results of ozone, 
oxygen and outdoor exposure are summarized in Table 
VII. 

Thermal Resistance 

Service life predictions based on oven aging 
data are  fallable.    The grades of block copolymer wire 
coating have  good stability toward thermal oven aging. 
Data presented in Table VIII indicate  the degree of 
resistance  shown by these   grades   to   oven   aging. 
Short  term,  high pressure air bomb age resistance  is 
excellent.     These results  together with  the ozone and 
weather resistance already discussed  suggest  that  the 
service  life of wire and cable sheathed or  Insulated 
with block copolymer compound should be good.     A por- 
tion of  the compositional variables applied  in  these 
grades  includes high temperature oxidation inhibitors 
and copper deactivator.     These additions  together with 
the  inherently unreactlve structure of S-EB-S promote 
overall  thermal stability. 

Flammability 

As with all hydrocarbon,   S-EB-S copolymer  is 
flammable.     With adequate amounts  of   flame  retardant 
Increasing degrees of flame resistance can be built 
into these materials.     In Table IX some results of 
flammability  tests are compiled.     The 8431Z and 8U21Z 
grades  are  not  compounded  for  fire  retardancy.     These 
compounds  show the degree of  flammability  found  in 
most  hydrocarbon polymers  for example  PE,   PP,   PS,   or 
EPDM.     Grades  8613Z and 8614Z do  contain effective 
flame  inhibitors.    Stripped insulation of these  grades 
from extrusion  coated wire shows  an  Increased  oxygen 
requirement   to maintain combustion.     In real air of 
about  21% oxygen,  18 AWG wire coated with these 
grades has    a self extinguishing,  non dripping nature 
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depending upon mode of burning.  The addition of enough 
fire retardant to gain this reduced flammablllty di- 
lutes the domain network.  Tensile strengths of the 
fire retardant grades are reduced by about 25 per- 
cent below those of the other grades. 
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TABLE  I TABLF.  IV 

Four Grades")  uf  Block Copolyimir Wire boatings 

Grade No. 

HardneBs"', shore A 

Melt Flowc), g/10 

Specific Gravity 

8431Z 

65 

8 

0.90 

8A212 

89 

18 

0.98 

8613Z 

94 

3 

a) Grades of Shell ELEXAR  thermoplastic rubber 

b) Harness measured on injection molded specimen 

c) Condition G:  200 C, 5000g 

86UZ 

95 

3 

Physical PropertieB8) of Block Polymer Wire Coating 

Grade No. 

Hardnesst Shore A 

Tear Strength11), pll 

j_j9 Abrasion Resist.0), -cc/1000 cycles  0.14 

Stress-Cracklngd) 
100X Igepal, 50° C 
1001 Igepal, XOO'C 

Water Absorption6) , SO'C. 
7 days, mg/ln^ 

Brlttleness Tempf), °C 

8431Z 8421Z 

89 

8613Z 8614Z 

65 94 95 

215 400 450 425 

0.14 0.25 0.41 0.42 

none none none none 
none none none none 

4 5 7 7 

-70 -70 -50 -50 

TABLE  II 

a)  Measured on  injection molded specimens. 

General Extrusion Conditions  for  Block Copolymer Grades        b)   ASTM D-624 Die C. 

c) Taber with H-18 stone, 1000g load. 

d) ASTM D-1693. 

e) ASTM D-570. 

f) ASTM IW46. 

Extrusion Equipment 

Extruder Size 
Length: Diameter Ratio 
Screw Type 
Screw Compression Ratio 
Die Type 

2«5" - 3V' 
20:1 - 24:1 
Single Stage 
3:1 - 4:1 
Pressure or Tubing 

Temperature Profile 

Hopper Zone 
Feed Zone 
Middle Zone 
Front Zone 
Die 

Melt Temperature 

Screw Speed 

Head Pressure 

cool - mc 
171 - 191JC 
205 - 218aC 
218 - 2323C 
215 - 226^0 

194 - 215I,C 

60 - 80 rpm 

1500 - 2000 psl 

Stress-Strain8) Properties of Extruded Block Copolymer Wire Coating 

Grade No. 

Hardness, Shore A 

Tensile Strength,psl 

Modulus at 200Z Elongation, psl 

Modulus at 400% Elongation, psl 

Modulus at 600% Elongation, psl   1200 

Elongation at Break, % 

8431Z 8421Z 

89 

8613Z 

94 

8614Z 

65 95 

2300 2700 1900 1800 

300 900 1100 1000 

800 1300 1400 1300 

1200 2400 

700 625 450 425 

Electrical Properties8^ of S-EB-S Grades 

Grade No. 

Hardness, Shore A 

Dielectric Const, K. at 10 H 

103H 

Dissipation Factor, D 

Volume Resistivity, ohm-cm, 10 

Surface Resistivity, ohms, 10 

Arc Resistance, sec 

Dielectric Strength, V/mil 

15 

8431Z 8421Z 8613Z 8614Z 

65 89 94 95 

2.25 2.45 2.92 2.80 

2.25 2.43 3.03 2.80 

2.27 2.43 2.95 2.75 

2.20 2.43 2.61 2.80 

2.17 2.32 2.71 2.65 

0.0002 0.0008 0.005 0.005 

0.2 2.3 1.0 1.2 

0.5 6.4 1.2 2.9 

64 69 74 65 

900 600 500 500 

a) Measured on Injection molded specimens 

a) Determined on insulation stripped from AWG 18 wire. ASTM D-2633. 
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TABLE VI TABLE IX 

Resistance  of S-EB-S Grades to Solvents and Oils Flamnablllty of S-EB-S Wl'-c Coating 

Grade No. 

Hardnest, Shore A 

Percent Retention 

ASTM #2 Oil 20 hr, 121°C 

Motor Oil  48 hr, 100SC 

Transmission Fluid 
48 hr, 1000C 

Brake Fluid 48 hr, lOCC 

Gasoline   48 hr, 100'C 

Antifreeze 48 hr, 100=C 

Methanol   48 hr, 100'C 

84312   84212   8613Z 

65 

T, E0 

8614Z Grade No. 

95 

15 100 

20 92 

89      94      95   Hardness, Shore A 

TB EB  TB EB  TB EB Limiting Oxygen Index 

35 80 

a,b) 

c) SO 55  55 55 Horizontal Burning, Wire  , sec. 
, drip 

45 55  60 45  60 65 c) 
Vertical Burning, Wire  , sec. 

, drip 

8431Z 8421Z 8613Z 8614Z 

65 89 93 95 

18 18 25 30 

Burns Burns >30 >15 
No No 

Burns Burns Burns >15 
No No 

20 28 50 50 50 60 80 65 

93 110 94 90 80 90 80 70 

18 30 41 40 40 25 40 25 

84 89 95 90 94 84 100 85 

86 92 95 95 95 95 95 95 

a) Percent oxygen In 0,/N. mixture to maintain flame.  ASTM D-2863. 

b) On stripped insulation. 

c) Extrusion coated AWG 18 bare capper with 30 mil wall. 

a) Injection molded test pieces immersed in fluid. 

a^ 
Ozone, Oxygen and Weather Resistance  of S-EB-S Grades 

Grade No. 

Hardness, Shore A 

8431Z   8421Z   8613Z   8614Z 

65     89     94     95 

b) Ozone, 100 pphm, 60 C, 1000 hr '   no no no no 

cracks cracks cracks cracks 

Oxygen0', 300 psi, SO'C, 150 hr 
Percent Retention,  TB/EB                100/90 100/90 95/90 95/90 

Weathering,  Arizona 45t'South, 
24 mos.. Percent Retention 

VEB 100/105 105/100 95/100  90/105 

a) Measured on injection molded specimens. 

b) Strip 1" x 4" x 0.075" bent double, ASTM D-1171. 

c) ASTM I>-572. 

TABLE VIII 

a) 
Thermal Resistance  of S-EB-S Grades 

Percent Retention of T-/E„ 
 a—a 

c  c  c  c  c  c  . 
c  c  c  c  c  c  c 

HOMOPOLYMER POLYETHYLENE 

CC CCCCCC 
/C CCCCCC 

I I I 
R R R 

RANDOM COPOLYMER POLY(STYRENE-BUTADIENE) 

Grade No. 8431Z        8421Z        8613Z        8614Z 

Gardness,  Shore A 

Air Oven,  30 days,  125*C 

Air Oven,   30 days,  136*0 

Air Oven,  7 days,  160*0 

65 89 94 95 

95/95 90/80 85/95 85/90 

80/110 88/85 115/75 105/65 

110/105 95/75 84/50 81/50 

C C 
I I 

c c 

c        c         c\|      c        c c        c I'     c        c 

cc         c\c         C C         CflC         c 

\R          R           R      // V.R           R           R/x 

BLOCK COPOLYMER               POLYSTYRENE - POLYÄTHYLENE BUTYLENE 

a)    Samples aged were dumbells from injection molded specimens. 
firnm 1-   Schtmatlc Struciurt of Sowt Polymwi 
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Q 
IOOLI 1.1 

1,000 

SHEAR RATE, sec"' 

Fiqurt3,   VilCOlity Stwr Ran Rtliliomhipi 

I200"CI 

POLYSTYRENE  DOMAIN 

POLY(ETHYLENE-BUTYLENE) CONTINUUM 

Figur« 2. Two-Phase Model of S-EB-S Block Copolymers 
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POLYMER ALLOYS FOR FLEXIBLE CABLE JACKETING 

Fred Roesler John McBruora 

Tenneco Chemicals, Inc. 
Organics and Polymers Division 

Introduction 

PVC is usually made flexible by using monomer 
and/or polymeric plasticizers.  The former 
are esters of aromatic and/or aliphatic acids 
and alcohols of four to thirteen carbon 
atoms.  Polymeric plasticizers arc polycon- 
densation products of aliphatic acids and 
glycols, and provide a degree of permanence 
unavailable with inonomeric types.  The con- 
comitant reduction in performance of such 
properties as flexibility and processing are 
accepted sacrifices that accompany the use 
of some polymeric plasticizers.  Often these 
losses can be minimized by blending PVC with 
other polymers to form alloys.  This work is 
not Intended to show the development of a 
new product but to show the versatility of 
PVC and alternate ways of making it resistant 
to some forms of deformation.  The solid 
plasticizers (polymers) cited can broaden 
the use range of PVC in such areas as non- 
contaminating cable jacketing by demonstra- 
ting some unique uses heretofore unavailable 
with an all-liquid plasticized system. 

In a number of applications, PVC is used 
adjacent to other materials, and migration 
of liquid plasticizers (phthalates, adipates, 
azelates, etc.) to the surface or into the 
other material will lead to a loss of phyii- 
cal propertie.1..  Migration of plastic izer 
from PVC jacketing to polyethylene insulation 
after extended service can cause a serious 
reduction in its performance in electrical 
applications and render the cable unsuitable 
for its intended use.  Another example is 
the use of PVC jacketing in conjunction with 
acrylic or polystyrene lighting fittings, 
where a migrating plasticizer can cause 
crazing of the associated product.  The 
effect is dependent on the interaction 
between the plasticizer and the second 
material caused by Increased mobility of 
the plasticizer molecules due to tempera- 
ture, humidity, migration, etc.  In this 
kind of situation, nonmigratory polymeric 
plasticizers are usually recommended but 
even the best will often migrate under 
conditions of intense pressure, heat, etc. 
One method of overcoming this is to plasti- 
cize PVC with a polymer or polymer/polymeric 
plasticizer combination (such as chlorinated 
polyethylene, nitriie rubber or ethyiene 
interpolymer copolymers) that cannot migrate. 

Experimental 

The control selected for this work is the 
standard raonomeric plasticizer DOP.  This was 
done to provide a base point for determining 
plasticizing efficiency.  The secondary 
control is a medium molecular weight poly- 
meric plasticizer.  The polymers used as 
plasticizers were added in the amount thought 
to provide the same plasticizing efficiency 
as the monomeric and polymeric plasticizers. 
In some cases, it will be noted that the 

plasticizing efficiency is greater than 
desired but this is in the realm of the 
experiment.  The work leading to the selec- 
tion of the various formulas for the polymer 
blends was quite lengthy and a dissertation 
on each would be necessary for the explana- 
tion.  Therefore, it was decided to provide 
information on the formulations that were 
most similar in performance or showed some 
improvement of performance over the monomeric/ 
polymeric systems.  The polymers used in the 
preparation of these- alloys are commercial, 
readily available and have some compatibility 
with PVC.  It should be noted, for instance, 
that some polymeric plasticizer was used in 
the CPE and nitriie rubber blends.  This was 
done to provide the efficiency, processability 
and practical use of the compound.  Secondly, 
it was necessary to use a filler in the 
nitriie formulation; this was done to reduce 
nerviness in the finished compound.  The 
formulations used are in Table I; all test 
procedures are contained in Table II. 

Discussion 

Efficiency 

One specific grade for each of the four 
polymers was selected from the standpoint of 
compatibility with PVC and ease of process- 
ing.  Formulations were prepared by dry 
blending and milling on a two-roll laboratory 
mill.  Press polished plaques were prepared 
and specimens conditioned and tested in 
accordance with the test procedures in Table 
II.  A cursory investigation of the data 
indicates that the nitriie rubber is a more 
efficient plasticizer followed closely by the 
ethyiene interpolymer.  However, it should be 
recalled that the nitriie rubber does contain 
some polymeric plasticizer which accounts for 
the better plasticizing efficiency of this 
formulation.  On the other hand, the ethyiene 
interpolymer and polyurethane are used as the 
sole plasticizers for the PVC.  The former 
demonstrates a plasticizing efficiency 
similar to high molecular weight pojymerics. 
The polyurethane would have better perfor- 
mance if it were compounded with a polymeric 
plasticizer.  This may sound contradictory in 
view of ultimate elongation properties 
observed for the PVC/polyurethane combination, 
but it must be remembered that both of these 
polymers are elastomers.  This can be better 
viewed from Figure 1 which shows a graph of 
the moduli of the various compounds versus 
pounds per square inch.  The steeper slope of 
the curve indicates an incompatibility of the 
polymers.  This Is quite apparent with the 
polyurethane indicating that a compatibiiizing 
agent (polymeric plasticizer) should be used 
for better flexibility.  On the other hand, 
the nitriie rubber would probably not be made 
an.v more compatible than it is nor would the 
et'iylene interpolymer.  The CPE has the best 
compatibility of the polymers tried. 
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To carry this comparison further, an analysis 
of tue Bratender viscosities show that the 
CPE, DOP and polymeric plasticlzers have 
reached an equilibrium In their viscosity, 
while the polyurethane is still dropping in 
viscosity Indicating that it is still moving 
into the interstices of the PVC.  On the 
other hand, the increase in viscosities of 
the nitrile and modified EVA show that they 
are cross-linking.  This Implies that CPE 
and the polyurethane are more compatible as 
plasticlzers with PVC than the other two 
materials.  It Is not meant that the ethylene 
interpolymer and nitrile rubber cannot be 
used to form an alloy with PVC; they cer- 
tainly can but they do have limitations 
compared with the other two.  However, this 
does indicate that CPE and polyurethane are 
acting as true thermoplastics and thus are 
probably more compatible with PVC than 
nitrile or ethylene Interpolymer.  In other 
words, they can be more adapted to uses that 
are in harmony with the type of plasticiza- 
tion accomplished by monomer and polymeric 
plasticlzers. 

Low Temperature 

Low temperature properties as expressed by 
stiffness (modulus of rigidity or Tf.) conform 
to a pattern set by CPE, ethylene interpoly- 
mer and polyurethane bJ.ends.  The Tf of the 
nitrile rubber blend responds more  readily 
to the presence of polymeric plasticizer than 
CPE which Is relatively unaffected by its 
presence as observed by its higher hardness 
and modulus readings.  Impact brictleness 
temperatures are extremely good and only the 
PVC/nltrile rubber blend falls to measure up 
to the other three alloys but still excels 
in Impact brittleness resistance when com- 
pared with the DOP or the polymeric 
plasticizer. 

It therefore can be seen that some properties 
are obtainable or unique to certain polymers 
and the judicious selection of combinations 
of these polymers with PVC may result In a 
compound having good plastlcizlng efficiency 
coupled with the low temperature properties 
necessary for a utilitarian compound. 

other hand, has a serious water growth/ 
absorption problem and J ittle can be done 
to correct it. 

Migration properties are excellent for the 
PVC alloys; the trace marrings of the CPE 
and nitrile compounds are probably caused by 
the polymeric plastic'zer but it is a margi- 
nal effect.  The polymeric plasticizer also 
performs quite well in this area. 

The volatility characteristics of the com- 
pounds are all quite good and indicate that 
a PVC/polymer combination would perform well 
under conditions requiring resistance to high 
temperatures (90° and 105oC wire insulatiunj. 

auiamary 

This work reveals that PVC may be plasticlzed 
by means other than standard nonomeric and 
polymeric plasticlzers.  Coupled with other 
polymers (or solid plasticlzers) and, in some 
cases, conventional polymeric plasticlzers, 
it offers nonmigrating compounds with out- 
standing low temperature and volatility 
characteristics.  These are two usually 
diverse characteristics; one usually being 
sacrificed at the cost of the other.  The 
use for compounds with these characteristics 
is endless but it certainly can be concluded 
that they can broaden the application of PVC 
in the wire and cable field. 

References 

1. W. D. Young, "Formulation and Behavior of 
Non-Plastlclzed Flexible Compounds Based 
on Chlorinated Polyethylene." presented 
at the 30th SPE Antec (1972). 

2. J. P. Tordella, "New Permanent Plasti- 
cizer Resins for Polyvlnyl Chloride," 
presented at the 33rd  SPE Antec (1975). 

3. M. E. Woods, D. G. Frazer, "The Modifi- 
cation of P/C with Powdered Nitrile 
Elastomers," presented at the 32nd ÜPE 
Antec (1971+). 

4. Hooker Chemicals' Laboratory Report 69-9, 
"Blends of Polyurethane with Polyvinyl 
Chloride Resins," 8/15/69. 

Permanence • 

The ability of a plastic to retain as much as 
possible of its original properties Is a mea- 
sure of its resistance to attack by extrac- 
tive media such as solvents or other poly- 
mers.  Extraction tests in oil show the 
affinity of CPE and the ethylene terpolymer 
for aromatic oils; the liquid plasticlzers, 
however, are more attracted by the oil than 
by PVC thus extracting into that medium. 
Analysis of the tensile retention data 
reveals that the plastlcizlng efficiency of 
CPE and the monomeric plasticizer are more 
adversely affected by oil than the other 
systems. 

Water extraction is merely a reflection of 
the residual ionic impurities in the alloys. 
This can be corrected in the case of CPE by 
using Improved grades developed specifically 
for wire and cable.  Nitrile rubber, on the 
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PVC   (Rel.  Vise.   2.30)1 

Chlor. Polyethylene (CPE) 
Nitrile Rubber5 

Ethyle le Interpolymer4 

Polyurethane5 

DOP 
Polymeric Plastlcizer6 

Epoxidized Soybean Oil7 

CaCOa Filler8 

Lead Stabilizer9 

Lubricant10 

TABLE I 

PVC ALLOY FORMULATIONS 

A B C D E F 

50 
50 

50 50 50 100 100 

50 -. -- -- -- 
-- -■- 50 

50 
— -- 

      50 __ 
20 20 -- -- 60 
5 5 -- 5 -- -- 

'e 
15 
6 6 6 "e 6 

1.5 1.5 i.5 1. 5 0. 25 0.5 

1. PVC 225 (Rel. Vise. 2.30) 
2. Chlorinated Polyethylene - CPE 4213 
3. Nitrile Rubber - Hycar 1042 
4. Ethylene Interpolymer - PB 3042 
5. Polyurethane - Rucothane P-53 
6. Nuoplaz 6187 - Polymeric Plasticizer 
7. Epoxidized Soybean Oil - Nuoplaz 84-9 
8. Calcium Carbonate Filler - Atomite 
9. Dythal -XL (Coated Dibasic Lead Phthalate) 

10. Lubricants 

Tenneco Chemicals, Inc. 
Dow Chemicals, Inc. 
B. F. Goodrich Chemical Co. 
E. I. du Pont de Nemours Co. 
Hooter Chemical Co. 
Tennecc Chemicals, Inc. 
Tenneco Chemicals, Inc. 
Thompson, Weinman & Co. 
NL Industries 
Glyco Chemicals Co. (Acrawax C) 
Tenneco Chemicals, Inc. (Calcium Stearate) 

TABLE II 

TEST METHODS 

Ultimate Tensile Strength ) 
100, 200, 300^ Modulus ) 
Ultimate Elongation      ) 

Hardness, 10 second delay 

Specific Gravity 

Stiffness (Clash-Berg) Tf 

Impact Brittleness, T 

Oil Agings 
(7 days  at 70oC in ASTM Oil  No.   2) 

Water Absorption,  Mechanical 
(7 days  at 70oC in distilled water) 

Volatiles,  percent weight  loss 
(7 days  in forced air oven at  1130C) 

Brabender Viscosity 

ASTM D-412 

ASTM  D-2240 

ASTM D-792 

ASTM D-1043 

ASTM D-746 

U.L.   62,   Standard  for Flexible  Cords 
and Fixture Wires 

U.L.  82,   Standard  fur Thermoplastic 
Insulated Wires 

Tenneco Procedure 

Tenneco Procedure 
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TABLE  III 

PERFORMA'.JCK  OF VINYL ALLOY COMPOUNDS 

Üolid  P Uymer Plasticizers 

Phys ! .:al  Properties: 

Tensile  Properties: 

100^ Modulus, psi 
200^ Modulus, psi 
300^ Modulus,   psi 

Ultimate  Tensile  Strength,  psi 
Elongation,   % 

Hardnec. ,   10  Sec. 
Shore As 

Low Temperature Properties: 

Clash Berg 
„f Brittleness,   Tb,     C 

Melt  Viscosities: 
Brabender Viscosity i 190oC 

5 Min., M-Gms. 
10 Min., M-Gms. 
15 Min., M-Gms. 
20 Min., M-Gms. 

011 Aging, 7 Days i 70oC 

fo  Retained Tensile Strength 
%  Retained Elongation 
%  Weight Change 

Mechanical Water Absorption; 
■.' Days i 70"C 

Weight Gain, mg./inches2 

Weight Gain, %  by Weight 

Volatiles, ^ Weight Loss 
7 Days i 113°C 

Migration: 

Polystyrene  -  24 hours i 40C 
and 1 p-;i 

Nitrocellulose   -  24 h.urs § 
40C and .   psi 

CPE 

85 

-6.5 
<-70 

-0.63 

■NFrTTe" 
R'.nber 

69 

-16 
-35 

-l.o 

Eth, 
Int. 

P.Ure- 
thane 

<-70 
-5.5 
<-70 

-1.1 -2.1 

D0P 

Hi 

-24 
-27 

-7.4 

Polymeric 
Plastlcizer 

1205 
1500 
1760 

665 
980 

1230 

880 
1405 
1795 

1435 
2255 
2765 

1300 
1450 
1500 

1300 
1550 
1700 

2060 
395 

2265 
525 

1920 
34o 

3350 
445 

2600 
330 

J150 
350 

84 

-18 
-18 

900 
860 
850 
830 

1100 
1400 
1400 
1460 

1090 
1060 
1160 
II80 

910 
710 
630 
600 

660 
590 
540 
540 

760 
690 
670 
665 

89.4 
82.9 
4.0 

110.0 
101.0 

1.6 

104.6 
108.1 

5.5 

108.2 
97.6 
-0.4 

100.0 
75.0 
-8.8 

100.0 
92.8 
-4.9 

4.6 23.3 1.9 2.1 0.35 -0.50 
7.8 46.2 3.7 4.0 0.6 -1.0 

■1.5 

None None None None Mars None 

Tr Tr None None Mars SI.Mar 
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RHEOLOGICAL AND MECHANICAL PROPERTIES OF A NEW POLYVINYLIDENE FLUORIDE RESIN 
SUITABLE FOR HIGH SPEED WIRE COATING 

By J.  E.  Dohany,  K.  N.   Davis,   H.   Stefanou 

Pennwalt Corporation 
900 First Avenue 

King of Prussia,  Pennsylvania 19406 

Rheological,  viscoelastic and mechanical 
properties are given  for a new grade of poly- 
vinylidene fluoride.     'The effect of tempera- 
ture,   induced crystallization and electron 
beam radiation on the physical properties is 
shown.     High speed extrusions on 30 gauge 
wire without detrimental melt flow effects 
are demonstrated. 

I. Introduction 

Polyvinylidene fluoride under the regis- 
tered trademark KYNAR® is an electrical 
insulating material which serves in a variety 
of applications, including primary insulation 
on wire used in computers, and as jacketing 
on aircraft wire and geophysical cable. 
Polyvinylidene fluoride is used as primary 
insulation on hook-up wire used in computer 
back panels because they require not only 
satisfactory electrical properties, but also 
exceptional physical toughness of a wire in- 
sulation.^- 

In other insulation applications, use 
of polyvinylidene fluoride heat shrinkable 
tubing is at present growing rapidly.  This 
non-burning semi-rigid insulation offers 
superior resistance to most industrial fuels, 
solvents, and chemicals and is designed for 
aoplications requiring high mechanical 
strength up to temperatures of 1750C. fhrink- 
able tubing is used for so-called "solder 
sleeves" since it will not split when shrunk 
over sharp or irregular shapes.  'This device 
is extensively used in the electronic, air- 
craft, and aerospace industries. 

Polyvinylidene fluoride resins presently 
on the market are being extruded at modest 
.«speeds, up to 550 feet per minute.  The nat- 
ural desire of wire and cable manufacturers 
is to process resins at highest possible 
speeds in order to achieve am optimum produc- 
tivity.  The purpose of this paper is to 
present em improved KYNAR® polyvinylidene 
fluoride grade which will have the added ben- 
efit of higher exnrusion rates and improved 
extrudate quality, both of which would great- 
ly increase productivity in polyvinylidene 
fluoride extrusion. 

II. Experimental 

In this study two commercial KYNAfl® 
polyvinylidene  fluoride grades  (PVDF or 
PVFj),   e.g.  grades  301  and 881,  were compared 
to a new improved KYNAR® 451.     While KYNAR® 
881  is polymerized  in suspension recipes, 
grades  301  and 451  are polymerized in emul- 
sion recipes. 

Molecular weight determinations were 
made on a Water Associates Gel Permeation 
Chromatograph   (GPC)  Model 200 equipped with 
Porasil columns operated at 80° C.     The sol- 
vent was N,N'-dimethylacetamide   (DMAc).     The 
GPC column was calibrated with NBS polysty- 

rene standards.    Each count was the  average 
of three observations and each sample was run 
in duplicate.     The Angstrom number average 
(In)   and  the Angstrom weight average   fXw)  was 
computed in standard fashion. 

Crystallization kinetics measurements 
were carried out with a Perkin Elmer Differ- 
ential Scanning Calorimeter Model IB.     A scan 
rate of 10<,C/min. was used for melting point 
determinations.     The crystallization rate 
data were obtained by first removing the sam- 
ples crystalline memory with a heat treatment 
at 200,,C for 10 minutes and then allowing it 
to cool  to the desired crystallization tem- 
perature where the sample was thereafter 
isothermally crystallized.     The  fraction 
crystallized,  obtained from the cumulative 
area under the DSC exotherm curve,   was plot- 
ted versus time.     The linear portions of 
these sigmoidal curves were used  to calculate 
crystallization rate. 

Melt flow measurements were made on a 
Sieglaff-McKelvey Capillary Rheometer using 
the constant velocity mode of operation at 
temperatures  from 400 to 550oP.     A capillary 
length to diameter ratio of 25 with  flat 
entry was used for flow measurements.     Appar- 
ent shear rate, V  , was calculated as: 

4fi 

TTR3 

(1) 

where Q is the melt flux rats and R is the 
radius of capillary. Shear stress, r, was 
calculated from: 

T       2L 
where P is the pressure applied at top of 
rheometer barrel.     The apparent viscosity, 
r^,  was then ©Dtained from Newton' s equation 
for flow: 

(2) 

na=J (3) 

Using a computer program the flow data were 
fitted to the equation of the form of: 

log Tia = A + B log Jf + C log2^        (4) 

where A, B, C are coefficients of the para- 
bolic function.2 

Melt fracture determination was made by 
examining the surface of the extrudate for 
roughness.  The shear stress at which surface 
roughness occurred on the extrudate is taken 
as the critical shear stress. 

Die swell of the extrudates was measured 
with a micrometer after they cooled to room 
temperature.  Post extrusion swell, S, was 

■ 
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then calculated  frcsms 

s-§. (5) 

where D is diameter of extrudate and D0  is 
dicuneter of capillary. 

Melt working experiments were conducted 
using  a C.   W.  Brabender  Plasticorder.     A con- 
stant charge of  70 g of  resin was used and  a 
temperature of 2250C was maintained while 
roller  speeds were varied. 

Irradiation of melt pressed samples was 
carried out by passing them through an elec- 
tron beam source of B radiation.    Dose  levels 
of 5 through 60 megarads   (Mrads) were eval- 
uated.     The higher dosages were obtained by 
subjecting the  sample to  successive 5 Mrad 
increments  until  the desired dose levels were 
obtained.     Gel  fraction data was obtained by 
successive extractions of  the irradiated sam- 
ples in refluxing DMAc.     ttie residue was 
dried at 80°C to constant weight. 

Demonstrations of wire coating and wire 
jacketing were made using processing condi- 
tions and equipment normal  for polyvinlidene 
fluoride.     For these trials pelletized KYNAR® 
301,  451,  and 881  were used,   i.e.  KYNAR® 300, 
450,   and 880 respectively. 

III.   Results 

1. General Properties 

From the gel permeation chromatograms 
shown in Figures 1 and 2, it is evident that 
polyvinylidene fluoride can have a unimodal 
or bimodal distribution of the moleculai 
weight.  KYNAR® 301 and 451 have a bimodal 
distribution while KYNARf® 881 has a unimodal 
distribution. The net effect of the signif- 
icant differences in molecular size distribu- 
tions is that it greatly controls crystalli- 
zation, melt flow and crosslinking character- 
istics of the resin. 

Comparison of physical properties is 
shown in Figure 3.  Grade KYNAR® 881 with its 
unimodal GPC curve is slightly higher in 
melting point, density and thermal conduc- 
tivity.  Although grade KYNAR® 451 and 301 
have a bimodal molecular weight distribution, 
KYNAR® 451 is higher in Angstrom weight av- 
erage but lower in melt viscosity and has the 
highest Angstrom number average. The mechan- 
ical and electrical properties are equivalent 
for all these grades. 

The thermomechanical (IMA) properties of 
polyvinylidene fluoride are reflected in its 
resistance to penetration. A graph obtained 
from a Perkin Elmer Thermomechanical Analyzer 
Model TMS-1 shown in Figure 4 shows a 1 mil 
penetration temperature of 1370C at a load of 
200 g, e.g. 284.4 psig, for KYNAR® 451.  The 
higher 1 mil penetration temperature of 1410C 
shown for KYNAR® 881 is accounted for by the 
higher melting point and degree of crystal- 
linity possessed by this grade. This test is 
supporting evidence for the known excellent 
cut-through resistance of PVDF coated wires. 

2. Crystallization Kinetics 

In Figure 5 is shown the Arrhenius plot^ 
of crystallization rate versus temperature 
for the samples. 

^CR Ae E/RT (6) 

where rCR is crystallization rate,   E is  acti- 
vation energy of crystallization,   R is gas 
constant,   and T is temperature.     KYNAR® 451 
shows  slowest rate of crystallization com- 
pared  to  the other samples.     The  crystalli- 
zation of polyvinylidene fluoride  is obvious- 
ly very much temperature dependent.     Since 
the total crystallization rates are deter- 
mined by both nucleation and growth rate  then 
either or both have to be lower  for KYNAR® 
451  to give the effect shown  in the Arrhenius 
plot.     Slower crystal growth and  slower 
nucleation will contribute to less  internal 
stresses  in the polymer.    The practical  im- 
plications of this phenomenon should be 
obvious  to the user. 

3.   Radiation Crosslinking 

In 1962 Timmerman^ has  shown  that poly- 
vinylidene  fluoride can be radiation cross- 
linked without detrimental effects on phys- 
ical properties.     In Figure 6 are plotted  the 
gel fractions remaining after DMAc extraction 
as a function of radiation dosage.     The data 
were fitted to the Arrhenius plot: 

Ae -B/d 
(7) 

where G is gel fraction,  d the radiation dose 
and A and B are empirical constants.    Prom 
Figure 6  it is obvious  that polyvinylidene 
fluoride  shows a very rapid change  in network 
structure5 and KYNAR® 451 crosslinks more 
efficiently than the other two samples.     It 
is known  from crosslinking studies on poly- 
ethylene that crosslinking efficiency is 
dependent upon crystallinity and chain 
length.5     Therefore our crystallization 
studies and GPC data p-aggest that grades 451, 
301,  and 881 behave in predictable way.     That 
is,   the more crystalline and  shorter the 
chain the  smaller will be the resulting 
crosslinking density and vice versa.    KYNAR® 
451 has the largest Angstrom number average 
and lowest crystallinity.    Hence its highest 
crosslinking efficiency for non activated 
systems,   e.g.  compounds not containing radi- 
ation sensitizers, 

4.   Melt  Rheology 

In Figure 7 are shown plots of shear 
rate versus apparent viscosity.    As  expected 
the polyvinylidene fluoride melts are non- 
Newtonian.     Two interesting phenomena are 
observed:     (a)  the unimodal material,   i.e. 
KYNAR® 881,  exhibits very low shear  sensi- 
tivity up  to a moderate  shear rate but in 
general the apparent viscosity shows much 
larger curvature than the bimodal material; 
(b)   the apparent viscosity of the KYNAR® 451 
is  lower at any shear rate them grade 301  yet 
it has bigger Angstrom weight and number av- 
erages.     The lower melt viscosity is probably 
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a result of the  lower  frequency of entangle- 
ments.     Grade 451 has much higher weight 
fraction of the high molecular weight spike 
than grade  301.     It  therefore has not only a 
much larger proportion of large molecules but 
even larger portion of short molecules.     Rudd 
suggested  that  the  function of these latLer 
would presumably be  to   facilitate molecular 
disentanglements by  separating the larger 
polymer molecules acting as high molecular 
weight plasticizers." 

The  temperature dependence of the ap- 
parent viscosity,   r|a,   follows  a simple 
Arrhenius  type equation: 

% Ae AE/RT (8) 

where R is  the gas constant,   T is the abso- 
lute temperature and  AE is  the activation 
energy.    The coefficient A depends upon the 
reference temperature and AE depends upon 
structural and composition variables of the 
polymer.^    in Figure  8 are  shown these 
Arrhenius plots  for all three  samples. 
KYNAR® 451  has  the lowest activation energy 
for flow and is  least  sensitive to tempera- 
ture change.    We interpret these results with 
the presence of large number of molecules 
below the critical molecular weight of entan- 
glement.     Therefore KYNARfS 451 has an elastic 
entanglement network  that is more easily 
deformed than that of the other samples. 

5. Quality of Extrudates 

The presence of hydrodynamic instability 
in the extrusion of polymer melts is a prob- 
lem in the processing of polymers.8 

At lower shear rates polyvinylidene 
fluoride extrudates are smooth.    At moderate- 
ly high rates of shear irregular elastic 
recovery results  in surface  roughness.    Often 
the term "rippling"   is applied to this sort 
of roughness.     In extreme it may amount to a 
very "knotty" appearance. 

At high shear rates the extrudates are 
characterized by an appearance of surface 
tearing.     Variations  in the  shape,  regularity 
and depth of the tearing lead to a range of 
melt fracture.     Terms used for this type of 
roughness  are;     "shark  skin"  or "scale" or 
"screw".    We found that the  surface tearing 
(Figure 9)   occurs at characteristic critical 
shear stresses during the extrusion of vari- 
ous polyvinylidene fluoride grades.    KYNAF^ 
451 has the highest critical  shear stress of 
all polyvinylidene fluoride  samples. 

Tearing on fracture results from the 
large amount of deformation imposed in the 
approach to the capillary.     As a result of 
the slow relaxation times relative to the 
deformation rates,  the  stress exceeds the 
strength of the polymer and a  fracture re- 
sults.9 

6. Post Extrusion Swell 

Further evidence  for improved melt flow 
of KYNAH9 451  is  shown  in Figure 10.     The 
plot of shear stress versus die swell show 
that as expected the die swell  increases with 

shear  stress  at the die wall.     Graessley et 
al.   using rubber elasticity theory showed 
that die  swell  is due to elastic  recovery of 
the material.l0 

Qualitatively we propose that lower die 
swell  of grade 451  is related to  the presence 
of relatively  large amount of shorter mole- 
cules which  facilitate molecular disentangle- 
ments and thus act as high molecular weight 
plasticizers.     The net result is  that  the 
normal  stresses in the melt may be  smaller 
than those observed for the other two  grades. 
The die  swell  ratio for grade 881   is  inter- 
mediate because unlike grade 451   it has  a 
unimodal distribution and is  less  resistant 
to viscoelastic strain which upon die  exit is 
manifested in greater swell  ratio.    On the 
other extreme  is grade  301 which has a bi- 
modal distribution like grade 451 but does 
not have enough short chain molecules  to 
"lubricate"   the  flow.     The  result  is high 
elastic deformation with less relaxation 
manifested  in the higher die  swell. 

7. Extrusion  Simulation 

The Bratender Plasticorder was used to 
simulate extrusion at varying levels of 
shear.  Prom the decay in the torque-resi- 
dence time curves, the effect of melt working 
on KYNAFJ9 451 and KYNAR!® 301 could be seen. 

Figure 11 shows that KYNAR© 451 is only 
slightly affected by varying levels of shear, 
while KYNAR<B) 301 shows a greater change.  The 
absolute values of the torque readings along 
with the change in torque as a result of in- 
creased roller speeds are direct indications 
that KYNAR!® 451 experiences less shear degra- 
dation. A significant consequence of this 
phenomena is the fact that screw designs and 
processing condition currently suitable for 
grade KYNAR© 301 are more than adequate for 
KYNARi® 451. 

Melt working of the samples in the 
Brabender Plasticorder correlates with obser- 
vations made with the capillary rheometer. 
KYNAR© 451 is much more easily disentangled 
than KYNAR© 301, hence, reaches an "equilib- 
rium" torque much faster to achieve a state 
of uniform melt. The practical implication 
from these observations should be obvious, 
e.g. KYNAR© 451 should require less shear 
history by the extruder screw than KYNAR© 
301. We believe, therefore, a gradual tran- 
sition screw usually used for extrusion of 
polyvinylidene fluoride resins should be even 
more efficient with KYNAR© 451 and the torque, 
i.e. horsepower requirement would be lower. 
Therefore a saving in operating cost or in- 
creased output is potentially possible. 

8. Extrusion of Wire Coating and Wire Jackets 

"Proof of Performance" trials in the 
field demonstrated that the improved vinyli- 
dene fluoride polymer has potential for 
extrusions at higher rates than common for 
polyvinylidene fluoride resins. 

Polyvinylidene fluoride grades KYNAR© 
450 and 300 were blended with a color concen- 
trate in 20:1 let down ratio and pressure 
extruded in two different 30 AWG computer 
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wire setups,     "fhe   first  setup   (Section A on 
Figure 12)   involved a short crosshead die 
used with other thermoplastic  resins.    The 
second setup   (Section B on Figure 12)  in- 
volved a long crosshead die normally used 
with KYNAFfS» polyvinylidene fluoride. 

With the short crosshead die extrusion 
rates of 600-1100  feet per minute were 
achieved with KYNAR® 450   (Section A on Fig- 
ure 12).     The insulation was smooth at 600- 
650 feet per minute extrusion  rate, however, 
at the 1100  feet per minute rate  it became 
as rough as KYNAH® 300  did at 400-450 feet 
per minute. 

On the  crosshead die for polyvinylidene 
fluoride   (Section B on  Figure 12)   KYNAR<S> 450 
was run at maximum line  speed   (550 fpm). 
From processing standpoint KYNAR® 450 was 
equivalent to KYNAR® 300 but showed superior 
insulation resistance. 

■Wie MIL W 22759A3-15 PEP  coated 22 AWG 
stranded wire was jacketed with KYNAP® poly- 
vinylidene  fluoride  (see Figure 13).    Sitns 
of melt fracture  appeared even at low 
throughput   (200  fpm)  with KYNAR® 800.     KYNAR!© 
450 extruded at the maximum  (550  fpm)   that 
the take-up would allow.     No melt fracture 
appeared.     With KYNAR®  300 the highest line 
speed attainable without  fissures in the 
jacket was  500 fpm.     Insulation  resistance of 
the wire jacketed with KYNAR® 450 was supe- 
rior to the  control,   i.e.  KYNAR® 300. 

An insulation consisting of a  .003 inch 
extrusion coated  jacket of KYNAR® 450 over 
.032 inch crosslinked polyethylene on 16 AWG 
passed the UL 83 vertical flame  test  (Figure 
14).    Thus coating polyethylene with poly- 
vinylidene  fluoride brought the  flame resist- 
ance of the  insulation above the threshold of 
acceptability for the above test.    Abrasion 
resistance of the construction was also 
greatly improved by the  application of a 
KYNAR® 450  jacket. 

In test extrusions  for thin wall tubing 
(Figure 15) ,  which is akin to the jacket 
extrusion KYNAR® 450 exhibited  the smallest 
axial shrinkage. 

The excellent performance of KYNAR® 450 
in jacket and thin wall  tubing extrusion is 
related to the excellent viscoelastic prop- 
erties of its melt. 

IV.  Conclusions 

By careful control of the molecular 
weight and molecular weight distribution an 
improved polyvinylidene  fluoride grade KYNAR® 
451 results,  which as we have  shown,  is a 
superior material  for extrusion  applications. 
It has excellent physical characteristics and 
melt flow characteristics and can be effi- 
ciently crosslinked to  enhance  its physical 
properties, 

The user should have the  added benefit 
of higher extrusion rates and  improved qual- 
ity of the extrudate which greatly would 
increase productivity of the operation. 
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FIGURE 1.   CPC CURVE FOR KYNAR 881 
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FIGURE   4.      THERMOMECHANICAL ANALYSIS 
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riGURE   11.     EFFECT  OF  MELT  NOIL. INC   PVDF   IN  THE   BRABENDER FIGURE   14.     FLAMHABILITY  TEST  ON CROSSLINKED POLYETHYLENE   16  AWG  WIRE 
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FIGURE  15.     EXTRUSION OF  PVDF FOR THIN WALL TUBING 
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FIGURE   12.     INSULATION  RESISTANCE ON   30  AWG WIRE  INSULATED WITH PVDF 
(UL1422-23) 
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SURFACE 

KYNAR   300 200 "50 YELLOW SMOOTH 

KYNAR  450 600 1725 GREEN SMOOTH 

KYNAR   450 650 1725 GREEN SMOOTH 

KYNAR   4 50 1100 1350 GREEN ROUGH 

B.     NORMAL CROSSHEAD DIE  FOR KYNAR PVDF 

KYNAR   300 

KYNAR   450 

550 

550 

893 

1260 

GREEN 

GREEN 

SMOOTH 

SMOOTH 

FIGURE  13.     KYNAR JACKETING ON FEP   22   AWG  STRANDED  HIRE 
(MIL SPECIFICATION  W-22759/1-15) 

450 

450 

450 

300 

300 

EXTRUDER 
SCREW 
(RPM) 

OUTPUT 
RATE 

(FT/KINj 

CONE 
LENOTH 
(INCH) 

13.5 200 1.75 

14.0 300 3.50 

40.0 550 6.00 

41.5 500 1.00 

43.5 550 3.50 

CONDITION  OF  JACKET 

SMOOTH 

SMOOTH 

SMOOTH 

SMOOTH 

rtSSURES 

.ZZ5" 
A P. 

.ZZ5 

SHRINKAGE  DATA   (290^,   16  HRS) 

'DIE TIP TEMPERATURE - ■'00-800"F 
EXTRUDER MOTOR POWER • 4.5-9.! AMPS 

MELT FRACTURE 
GRADE SHRINK  RATIO 

450 1.0 
300 5.8 
880 6.8 
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I'ULLY-FILLED TELEPHONE CABLE  WITH CELLULAR POLYETHYLENE 

INSULATION AFTER  10 YEARS  SERVICE 

by 

J.  Pritchett 

British Post Office 

Wembley, Middlesex,  U.K. 

E.L.  Mather S. Verne 

BICC Telecommunication Cables Limited      BICC Research & Engineering Limited, 

Prescot,  Merseyside, U.K. London,  U.K. 

Abstract 

The experience of the British Post Office 
with fully-filled telephone cables, since their 
introduction ten years ago, is reviewed.  The 
original technical and service objectives are re- 
examined and the extent to which they have been 
realised is considered. A cable examined after 
ten years in service shows transmission characteristics 
well within the current specification.  The cellular 
insulation has substantially unchanged permittivity, 
excellent mechanical properties and very good 
resistance to ageing. 

Introduction 

1.1 General 

Since 1968  the British Post Office  (BPO) 
demands for the supply of new local distribution 
cables have been met exclusively by the purchase 
of  the fully-filled  type.    This Paper traces the 
course of the development which led to the adoption 
of  fully-filled cables as  a standard provision and 
reports on the present condition of one of  the very 
first of these cables which was manufactured in 1964. 
This cable was recovered for examination and 
assessment in 1975 after having given some 10 years 
of  satisfactory service in Plymouth,  England. 

1. /    British Post Office Local Networks 

In the United Kingdom there are over 6000 
local exchanges  (central offices),  each with its own 
cable network.    In order  to allow for proper 
provision of service with the minimum of capital 
outlay, flexibility cabinets are installed at various 
points.    These form the interface between the main 
network* which radiates from the exchange and the 
distribution network** which connects the cabinets 
to  the various subscribers. '      The cables of  the 
main network range in size  from 4800 to  100 pairs, 
while those of the distribution network range from 
100 to 2 pairs. 

For many years all  local network cables 
used copper conductors insulated with  lapped paper 
and were sheathed in lead.    Mostly,   these were laid 
in ducts to enable additions to be made from time to 
time to allow for growth,  but some,  particularly 
those in rural areas, were attached to poles as 
aerial cables. 

*Sometimes known as  the primary network 
**Sometimes known as  the secondary network 

1.3 Introduction of Plastics 

With  the introduction of plastics  in 
commercial quantities  in the late 1950's  it became 
possible  to adopt extruded polyethylene  in place of 
lead as  the sheathing material and solid polyethylene 
instead of paper for  the conductor insulation.     The 
first all-polyethylene cables were introduced  into 
the distribution networks  in 1948 on a trial basis. 

Later on,   the use of polyethylene was 
extended  to  the  cables of  the local main network and 
for these a sheath of natural polyethylene bonded 
to a thin aluminium foil  to act both as a moisture 
barrier      and an electrical screen was adopted  in 
place of  lead.     Solid polyethylene was introduced 
for conductor insulation but its use was originally 
confined to terminating lengths because it was more 
expensive than the paper equivalent.    The development 
of cellular extrusion techniques overcame  this 
difficulty and allowed cellular polyethylene to 
compete directly with paper for intermediate  lengths 
of cable as well. 

Subsequently pressurisation systems were 
installed in the local main networks to give these 
cables  a measure of protection against the ingress 
of moisture  in the event of sheath damage.    However, 
it was not practicable  to pressurise the cables 
beyond the flexibility cabinets and thus  this form 
of protection was not extended to the cables of  the 
distribution network. 

1.4 Experience with All-Polyethylene Cables 

When the all-polyethylene cables were 
first installed in the distribution networks the 
field reaction was extremely favourable.  Apart from 
the obvious saving in weight .hich eased the handling 
problem., it was apparent that terminations we^e 
simpler to aitiVe and that wires would be more cssily 
manipulated at jointing points. It was realis-d 
that the polyethylene sheath would be free f)oi the 
corrosion hazard and it was expected that, in 
contrast to paper, the polyethylene insulation 
would give immunity from low insulation troubles in 
the event of ingress of water. 

The obvious toughness of the polyethylene 
sheath suggested that direct burial by trenching or 
mole-ploughing would be practicable and this policy 
was adopted in situations where further growth was 
unlikely—for example, for the small cables on 
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housing estates.    The  installation of  new ducts  thus 
became unnecessary and  the consequent  savings on 
capital  outlay more than offset  the extra cost of 
the all-polyethylene cables which were  at that  time 
more expensive than their paper/lead  equivalents. 
Production was increased  progressively  until  they 
entirely  superseded  the paper/lead cables  for  the 
local distribution network in 1960, 

As field experience with these cables 
grew,   it  soon became apparent  that  the  handling, 
terminating and manipulating advantages were out- 
weighed by increased maintenance problems-caused by 
sheath damage in a wet  situation.     In  these 
circumstances water entered  the cable  and travelled 
towards  the  lowest point  in the  route  to cause a 
fault    wherever it encountered exposed  conductors. 
Fault  location by conventional  electrical means  — 
a  simple operation with a paper/lead cable —thus 
became  impossible because  the position of  the sheath 
damage was remote from the site of  the  fault as 
determined electrically. 

Exposure of  the conductors was attributable 
partly  to imperfections or pinholes  in  the polyethylene 
insulation and partly  to  the method of  jointing. 
The situation was eased by  improving  the quality of 
the polyethylene extrusion over  the conductors during 
manufacture and by modifying the joints.    A sealing 
arrangement using a wax or resin compound was developed 
for installation at  the extremity of each joint and 
adopted  as standard  in 1955.    These  in situ seals 
were  successful in isolating the joints  from the cable 
and although they were costly  to  install  the fault 
rate dropped significantly.    However,   the provision 
of  these  seals did nothing to prevent   the  ingress of 
water at points of  sheath damage and many cables 
remained partly or wholly waterlogged but serviceable. 
In due course a proposal  to incorporate water blocks 
into the cables themselves      at regular intervals of 
20 metres during manufacture was adopted and again 
some  improvement resulted.    These discrete blocks 
caused manufacturing difficulties and  occasional 
jointing problems but nevertheless they eased  the 
fault  location problem. 

A special  survey made over   the period June 
1957  to July 1959 showed conclusively  that the main 
source of  trouble on these new distribution cables 
was  sheath damage caused by digging or  the pressure 
of  sharp stones - troubles brought about directly by 
the abandonment of ducts  and the use of direct burial 
techniques.    Furthermore,   it was  realised  that 
improvement in extrusion quality    of  polyethylene and 
the provision of water blocks were doing nothing to 
prevent  the ingress of water to  the cables but were 
merely ways of restricting its  flow after entry. 
The concept of a waterlogged cable system was  clearly 
unacceptable and various  solutions were  investigated. 
Among these were:  a reversion to  the use of ducts,  the 
adoption of armouring,  and extension of  the air 
pressurisation system then being installed in the  local 
main network cables. 

1.5    The Advent of Fully-Filling 

The novel but subsequently widely accepted 
solution to this problem was in retrospect remarkably 
simple, ingenious in concept and effective. It 
provided for a continuous and complete filling of the 
cable core with petroleum jelly thus rendering it 
completely waterproof and unaffected by sheath damage 
in a wet situation. The use of cellular polyethylene 
instead of  solid polyethylene  for the  conductor 

insulation allowed the original wire-to-wire capacitance 
to be retained,without increasing the overall diameter 
of the  cable 
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FIG I. 
THE CHANGING  PATTERN  OF   PURCHASE 

ANNUAL   POST OFFICE   PURCHASE  OF 
DISTRIBUTION   NETWORK  CABLES 

So came the fully-filled cable of  the kind 
made in 1964 and installed at Plymouth.    These cables 
were rapidly accepted by  the  field force despite  the 
presence of  the petroleum jelly and the consequent 
slight  inconvenience in handling the wires for 
jointing and  terminating.    Maintenance problems were 
at once  lessened and the incidence of imperfections 
in the cellular polyethylene insulation became a 
comparatively unimportant matter.    During the course 
of  the progressive development which followed various 
detailed changes were made  in the manufacturing 
techniques but  the basic design concept remained 
unaltered.    General  adoption of the fully-filled 
technique involved  the modification of many factory 
plants and by 1967  the U.K. manufacturers were in a 
position to  supply substantial quantities to the BPO. 
Since  that time the entire annual demand for 
distribution cables has been met by the supply of 
fully-filled cables.     In 1968 EC grade aluminium began to 
replace    copper as  the conductor  5,6,7,«  and ^n ^973  t^s 

was itself  superseded by aluminium alloy   ' .    Fig.  1 
shows how the purchasing pattern has changed over the 
last  10 years. 

2 Original Design Considerations 

2.1    Environmental Conditions 

The 1964 cable was designed for direct 
burial.    The  temperature conditions in soil  in N.W. 
Europe had been known from a recent study by Schulze   . 
This made clear that at  the depth of about 0.6 m the 
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daily temperature cycle was already completely 
attenuated (daily amplitude less than 2% of that on 
the surface). The annual cycle, (i.e. the cycle of 
daily or monthly averages) attenuated more slowly 
with phase delay, at this depth, of about a fortnight. 
It was inferred that in the United Kingdom, the 
temperature of a buried cable would never exceed 
200C or fall below 30C. This was subsequently 
confirmed by Mochlinski's comprehensive study  of 
soil conditions in the U.K. 

Only the short cable lengths in terminations 
above ground would be exposed to higher temperatures 
and the original requirement was that the resistance 
to ageing of the insulation of the fully-filled cable 
should be at least as good as that of the all- 
polyethylene cables in use at that time. 

2.2 Waterproofness 

By the time the 1964 fully-filled cable 
was designed, the BPO had carried out extensive 
moisture permeation tests on all-polyethylene cables. 
The amount of moisture which would diffuse through a 
polyethylene sheath, throughout the service life, 
was quite small and formation of saturated atmosphere 
inside the cable was prevented by the desiccant 
properties of a paper wrapping over the core.  For the 
local main cables, the aluminium foil barrier bonded 
to the sheath virtually eliminated moisture 
permeation. For local distribution cables, which 
had no such barrier, the already reduced danger of 
condensation from moisture-containing air was 
eliminated by replacing the air between various cable 
components with a filling compound. Moreover, while 
condensing moisture in the all-polyethylene cables 
could produce short circuit paths between pinholes in 
the insulation of neighbouring conductors, this 
could not occur at all when the interstitial spaces 
were filled.  It was further intended that in case 
of water entering through a faulty joint or sheath 
damage, the effect on the transmission characteristics 
should be minimal. The filling compound was intended 
to provide two mechanisms of protection:   one, of 
preventing water from propagating along the cable 
through spaces between the core bundle and the sheath 
and the other, of preventing water from penetrating 
radially into the core bundle, and into interstitial 
spaces between insulated conductors, vhere its effect 
would be to change the mutual capacitance and other 
transmission characteristics. Of these two objectives, 
the latter has been found to be the more important: 
that a fully-filled cable should continue to function 
with substantially unchanged characteristics even 
if water gained access to the core bundle through 
multiple damage to the sheath. A theoretical 
possibility of moisture condensing in the gas cells 
of the insulation was also considered.  A summary 
of these early considerations is included in Table 1. 

2.3 Filling Compound 

The original design considerations 
required that the filling compound should have a low 
permittivity (the lowest achievable for a liquid 
or solid being a little in excess of 2), and a low 
loss tangent, below 0.001 if possible, at audio 
frequencies.  It was essential that the compound 
should have sufficiently low surface tension to 
wet the surface of polyethylene, but that it should 
not cause cracking or other damage to the polyethylene 
insulation. There were also mechanical requirements 
that the compound should not become excessively hard at 

the minimum temperature or excessively fluid at the 
maximum temperature of the range within which the 
cable was to be used. The compound had to be 
hydrophobic, and its dielectric and other physical 
properties had to remain unchanged on contact with 
water.  Finally, there was one other basic 
requirement .  The compound had to be very safe 
in handling, which meant freedom from toxic and 
dermatological hazards. These design requirements 
appeared to be met by commercially available grades 
of pharmaceutical petroleum jelly. The British 
Pharmacopoeia identified two grades: White Soft 
Paraffin and Yellow Soft Paraffin. The two grades 
had the same melting range, 38° to 560C, which was 
considered lower than technically desirable but 
acceptable, and were very similar in most properties. 
The white petroleum jelly (or White Soft Paraffin) 
was more highly refined and because of this, more 
susceptible to oxidation, The yellow petroleum 
jelly (or Yellow Soft Paraffin), which was selected 
for use in cables, had the valuable property of 
high resistance to ageing and was cheaper. 

2.4 Insulation 

The polyethylene  compound for cellular 
insulation had  to comply with various extrusion 
processing requirements.     In addition,  importance 
was attached  to insulation  toughness; resistance 
to cracking and high elongation at break.    The 
latter characteriftic,  which arises from a 
combination of material properties and extrusion 
conditions  his proved  to be  important because  it has 
been observed  that  insulation with highest  initial 
extensibility  showed  least change on ageing.    The 
medium density polyethylene  compound selected,  met 
the original  requirements and  showed relatively 
little  swelling with good retention of properties 
on prolonged  contact with the  filling compound. 
The polyethylene contained  a nominal 0.1% of a 
phenolic  stabiliser,  but  its  resistance to oxidative 
ageing was greatly  increased by contact with the 
filling compound     .     In the  concept of the cellular 
structure it was recognised at  the time,   though    not 
achieved  in the  1964 cable,   that it was preferable  to 
have many small cells rather  than fewer large ones. 
A fine cellular structure was  thought to give a better 
chance of being free  from pinholes,  it was  less prone 
to  the propagation of cracks,  offered the best 
balance of  low permittivity and good mechanical 
properties and,   theoretically,   the smaller  the cells 
the  less  likely it was that moisture condensation 
could cause problems. 

2.5 Compatibility of  Insulation and Filling Compound 

At  the  time when  the first fully-filled 
cable was being manufactured  in 1964,  it was a novel 
idea to design a high-reliability,  long-life 
engineering product from two components,  polyethylene 
and petroleum jelly,  which were known to interact. 
It was known  that above 900C  the polyethylene  insulation 
would dissolve  in the  filling compound and  that at 
lower  temperatures  the polyethylene would absorb  the 
filling compound and gradually  swell to an equilibrium 
value dependent on  the  temperature.    The  two materials 
were described as  compatible  in the classical meaning 
of  the word;   capable of co-existing,  although each 
was affected by being  in contact with the other.     It 
was ascertained  that,  at cable  service temperatures, 
the insulation would  swell  to an acceptable 
equilibrium value,   its mechanical properties of 
hardness,  tensile strength and  extensibility would 
change  to a very small  extent  only and there would 
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Table I 

Possible Modes  of Failure of Fully-Filled Cables for  the Local 

Distribution Network as Considered by the British Post Office  in  196^ 

BPO Experience and 
Mechanism Effect Prevention Remarks Subsequent 

Experimental Results 

SHORT  TERM 

Interaction between (a)  Excessive swelling (a),   (b),   (c) and  (d) No record of field 
filling compound of insulation lead- prevented by selection failures due  to 
and polyethylene ing to dimensional of materials and intro- these causes. 
insulation and/or instability duction of compatibility (c)  &   (d)  preventable Changes in dimensions 
sheath (b)  Cracking of tests  into the by using a bonded and mutual capacit- 

insulation specification foil or any other ance negligible even 
(c)   Softening of sheath suitable barrier after 16 months at 
(d)  Cracking of  sheath 55°Cl" 

Water ingress   into Increase  in attenuation Safeguard QA test for For similarities and No record of failures 
poorly filled  cable. percentage  fill and 

resistance to water 
penetration 

differences with 
unfilled cables 
cf.  Section 2.2 

MEDIUM TERM 

Diffusion of  oil Moisture  gradua1ly If necessary, use of In U.K.  conditions Extent of diffusion 
fraction of entering unfilled bonded metal foil (wet   soil, normal into a dry, highly 
petroleum jelly spaces with slow sheath or any other temperature  span 5- absorbent Arizona 
through  sheath increase in inter- suitable barrier 150C)  not  thought  to dust,  in 16 months 
into  surrounding wire capacitance. be a problem within at 550C reported1" 
soil,   leaving Partial  loss of AO years.  BPO advise 
incompletely fully-filled overseas administra- 
filled cable protection against 

water. 
tions with hot,  dry, 
dusty soil  to use 
bonded foil moisture 
barrier 

LONG TERM 

Saturation of  gas Increase  in mutual In the unlikely case of BFO does not use No record of 
cells  in insulation capacitance this mechanism taking moisture barriers failures due to 
with water vapour place under extreme in local this cause 
followed by  temper- conditions of humidity distribution  cables 
ature cycling  leading and  temperature cycling 
to accumulation of     ^ use bonded metal foil 
liquid water  in cells barrier 

Migration of  oil Gradual  increase  in Not known whether 100% No sign of this 
fraction of  petroleum mutual capacitance and preventive measure effect at 550C 
jelly into gas cells removal of compound fro apossible.    Avoid high- over a period of 
of  insulation intei^wire spaces  leavin 

inconplstfily fillprt   cable 
joil content petroleum 
jellies 

16 months 1'' 

* The consequences of  this mechanism,   if it  occurred,  would be minimal.     In the 
experiences one annual temperature cycle of range  5 -  150C and not exceeding 
of water precipitated in the cells of cellular insulant depends on the volume 
cable and  the difference between the saturation of  air at 20° and  30C.     For a 
diameter conductors, made  to BPO specification CV     1128,  the total volume of 
0.09 m^.     With the partial volume of gas  cells of 0.3  saturated with moisture 
precipitated on cooling to 30C would be 0.3 cm^ or 3.3 ppm of insulation.    Th 
variations  in the moisture content of polyethylene  itself.    Even if each temp 
0.3 cnH of water,  the total,  after 40 cycles,  of  132 ppm of  insulant would be 
at  audio  frequencies.    In fact,  however,  a  structure  of small non-intercommun 
mechanism.     The moisture may not even condense on cooling in a small  cell  for 
condense,   it will remain as a thin film or a tiny water meniscus and will re 
increases.     The  increase of water content  in the cell  on successive cycling s 

United Kingdom a buried cable 
3 - 200C.    The maximum weight 
of  the cells  per  length of 
100 pair cable with 0.5 mm 

insulation per  1000 m is about 
at 200C,   the amount of moisture 

is is much less  than the likely 
erature cycle could add a further 
too small  to produce cable changes 

icating cells precludes a cumulative 
lack of nutleation.     If  it does 

evaporate when the temperature 
hould be nil. 
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be no  tendency  for the insulation to crack.    Moreover, 
swelling of   the  insulation would have little effect 
on either the mutual capacitance or  the degree of 
interstitial  filling, because both the permittivity 
and  the specific volume of  the petroleum jelly 
filling compound were similar  to those of polyethylene. 
The manufacturing process was  scrutinised  to confirm 
that  there was no risk of overheating the polyethylene 
insulation/petroleum jelly system.    The compatibility 
was checked over a temperature range which was   far 
wider  than that  to be expected  for a buried cable  in 
service. 

2.6    Consideration of Possible Modes of Failure 

In  1964 the BPO considered various possible 
modes of failure of the fully-filled cable.    Table I 
lists these considerations,  indicating in each case 
the possible mechanism of failure,   the effect on the 
cable,  and  the means of prevention.    An outline of 
subsequent  experience is also  included. 

3.      Developments and Experience in use in Local 

Distribute  a Networks 

3.1    Cables 

The early fully-filled cables were designed 
to cater for  the whole range of    pair sizes and wire 
gauges  then in use in local distribution networks. 
However,  since that time the requirements of the 
system have been reviewed and  steps have been taken 
to rationalise  the range of cables procured in order 
to simplify manufacturing and purchasing procedures. 
The current range of local distribution cables  is 
shown in Table II.    All have wrappings of paper 
over  the core bundle and each has a black polyethylene 
sheath  to avoid deterioration when exposed  to  sunlight. 

Table II 

Range of Local-Distribution Cables  in Current Use 

Conductor Aluminium Alloy Copper 

Pairs 24 AWG 21 AWG 24 AWG 22 AWG ' 19 AWG 
0.5 mm 0.7 mm 0.5 mm 0.63 mm 0.9 mm 

2 - - X - X 
5 x X X X X 

10 X X X X X 
20 X X X X X 
50 X X X X X   | 

100 X X X X X   i 

*0nly  for Aerial Cables 

The basii. range of  cables  is suitable for 
installation  in ducts,  attachment  to the walls of 
buildings,  direct burial  in suitable soils or 
cleating to distribution poles.    Where direct burial 
in stony ground  is planned  the cables are protected 
by conventional steel wire armouring laid over  the 
black polyethylene sheath and covered overall with 
an extrusion of natural polyethylene.    For  the  small 
sizes  of cable used on housing estates an alternative 
construction  in the form of  a  loose natural poly- 
ethylene over-sheath has been developed recently. 
This  appears  to give satisfactory protection against 
the effect of  sharp stones and domestic digging 
implements and when in full production it  is  likely 
to be cheaper  to manufacture  than steel wire 
armouring. 

For aerial use a steel  strand  is  incorporated 
into the black polyethylene  sheath during manufacture 
to provide  a combined cable  and suspension wire of 
figure-of-eight section. 

3.2 Conductor Jointing 

For the first all-polyethylene cables the 
standard crank-handle  twist-joint,  already well 
established  for paper/lead cables,  was adopted. 
Later on a polyethylene sleeve  filled with silicone 
grease was  introduced  instead of an open paper one 
to insulate  the twisted wires.    Provision of grease 
reduced the problem of exposed conductors at joints 
but it by no means gave a permanent  seal. Experiments 
with crimping methods  followed and  trials were made 
with various devices which penetrated  the polyethylene 
insulation to make contact with the conductor without 
the need for stripping.    Successful results with the 
American B-wire connector  in  these experiments led  to 
introduction of  the Connector,  Wire,   Insulation  (CW1) 
and an appropriate hand-crimping tool.    Early versions 
of the CWI were dry but following the introduction of 
fully-filled cables a version packed with petroleum 
jelly was  introduced. 

3.3 Sheath Closures 

In the early days of the all-polyethylene 
cable many proposals were made  for an inexpensive 
but effective sheath closure  suitable  for field use. 
These included bakelite half-shells  filled with wax, 
polyethylene sleeves with shaped ends  sealed to the 
cable sheaths with tape,  and  polyethylene sleeves 
sealed to the sheaths by the pressure of an expanding 
rubber plug. 

Tape joints  of various kinds were put into 
service.    Tapered nozzles moulded from polyethylene 
allow various sizes of cable  to be accommodated. 
A small version was also produced having the tapered 
cable entries as part of the sleeve.     In this case 
the sleeve was  split  longitudinally and it was 
necessary  to apply sealing  tape overall.    Provision 
was made for a tee connection. 

SPRING WASHERS 

fOMPHFSSIONBOLT 

PHFSSUHE PLATE 

PRESSURE PLATES 

RUBBER PLUG 

FIG. 2. 
EXPANDING - PLUG JOINT 
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The expanding-plug joint became accepted as 
a standard form of construction for in-line joint and 
cap-ended   (slack  splice)   joints.     It  consisted of a 
rubber plug which was  fitted over the cable  (or cables) 
and placed  into  the end of  the jointing sleeve  as 
shown in Fig.   2.     Bolts which passed  through the 
rubber plug were  then  tightened to compress  the plug 
between two pressure plates  thus causing the rubber 
to  form a mechanical seal  between the outside surface 
of  the cable  sheath and   the inside  surface of  the 
jointing sleeve.     It was necessary  to reinforce  the 
ends of  the  sleeves.    This kind of  closure was  used 
for  the  1964 Plymouth cable. 

Both  tape joints  and expanding plug joints 
can be made  simply and  reliably but  they  tend  to  give 
trouble  if  dismantled when access  is  required for  re- 
arrangement of  existing pairs or for making  tests 
during the course of  fault  location.     The  fundamental 
need for  some  kind of  ready-access jointing point had 
been recognised  for many years and  the cap-ended  ex- 
panding plug joint was  a  close approach to  the concept 
of  a sheath  closure which could be dismantled but  the 
consequent hazard of exposing wire joints  remained. 
However,   the  introduction of fully-filled  cables with 
wires  jointed  by means  of  the jelly-filled CWI  lessened 
the  risk of   trouble of   this kind and  a  truly re-enter- 
able sheath closure has  now been developed  and  put  into 
service.    This  closure   is  shown in Fig.   3. 

EXPLODED  VIEW 

r~\ 

W 

FIG. 3 
READY-ACCESS  SHEATH   CLOSURE 

The  cables enter  the base of  the device 
through holes made as  required and are  then sealed with 
resin;  several  separate compartments are provided so 
that other cables  can be added  later.    A moulded  cap 
fits over  the  base and  is  secured by a hinged clamping 
collar.     A sound  seal between the  tapered  seatings on 
both cap  and base  is provided by a rubber O-ring.     The 
cables are flexible enough to allow this kind of joint 
to be made  conveniently above the surface of  the  ground 
and  then  to be  coiled down into  the joint box. 

A jointing jig has been developed for use 
with this readyaccess sheath closure.    During the joint- 
ing operation  the cables are clamped  to  the  jig while 
the jointer  is   comfortably positioned on a  seat with 
his  feet on a  footrest.    A supply of  connectors  is con- 
veniently placed  in a  tray  for insertion  into  the  lever- 
operated  crimping device  attached  to  the jig framework. 

This kind of  ready-access  closure has been 
adopted  as  standard for new work.     It is  particularly 
suited  to  radial distribution layouts  on housing estates 

Existing tape joints are being improved by filling 
them with petroleum jelly which seals them completely. 

3.4    Maintenance Aspects 

Field trials of the early fully-filled cables 
were closely monitored and the performance of these was 
undoubtedly very satisfactory.    The  subsequent  adoption 
of cables of this kind as standard  led to a gradual 
change in the composition of local distribution networks 
in general.    Fig,  4 shows how this has changed over the 
last  20 years with the  fully-filled cables gradually 
assuming a dominant position at  the expense of  the 
original paper/lead cables and the earlier all-poly- 
ethylene cables.    During this period of time there has 
been a general improvement  in the fault rate attributable 
partly to the introduction of  the fully-filled cable and 
partly to the development of new jointing techniques. 

, ,  ..«■■■.     .     .     .     .-• .     .>■   .   -f'   .     .     .     -     .—■-r-. 

S5 57 59      61       63       65 .    67       69       71        73       75 
YEAR 

FIG. 4. 
THE  DEVELOPING   NETWORK 

POLYCTHYUENE 
^- FULLY- FILLED 
/    (COPPER) 

J POLYETHYLENE 
S   FULLY- FILLED 

S      ('LUMINIUMJ 

ALL- POLYETHYLENE 

LEAD   COVERED 
PAPER   CORE 

POLYETHYLENE   WITH 
^ DISCRETE BLOCKS 

THE COMPOStTION   OF   POST   OFFICE 
LOCAL   DlLTfMBUTION    NETWORKS 

4      Examination of Ten Year Old Cable and Comparison 

With the Currently Made Cables 

4.1 Recovery of  the Plymouth Cable 

The Plymouth cable,  containing 100 pairs of 
0.5 mm (24 AWG)  copper wires, was manufactured in 1964 
and installed as part of a housing estate development 
in 1965.    In accordance with usual practice for the 
distribution network  it was drawn  into existing ducts 
where  these were available but otherwise was buried 
directly in the ground. 

The Appendix describes  the recent recovery of 
a 25 m section of this cable and records the site 
condition in which it was  found.     It would have been 
prohibitively expensive to remove a directly-buried 
section because since the original  installation was made 
the surface paving had been laid.    For this reason a 
short  ducted section of  the cable was  chosen  for removal 
and examination.    Although this section had not been in 
contact with soil and stones  it had evidently been 
immersed in surface water at various times. 

Details of the subsequent laboratory examination 
of the 25 m length of cable are given in the following 
paragraphs. 

4.2 Insulation 

The polyethylene used in the 1964 cable was of 
a similar medium density type to that currently used by 
BICC but the cellular structure was very coarse.    The gas 
cells  in the 1964 cable range from 50 to 150 ym diameter 

'and distribution was non-uniform.   By 1966 the production 
techniques were improved and new standards for cellular 
structure were established. This was recognised by the BP0 
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Plate 1 compares the cellular structure of the 1964 
cable with that of the current production. The 
cells in the latter are 15 - 30 ym diameter and 
uniformly distributed; a dense layer or "skin" 
near the outer surface can also be seen. 

Table III 

After 10 years in service, the average 
density of the insulation was found to be 0.65 g/cm-', 
as compared with 0.63 g/cm^ for a cable of recent 
manufacture and the average permittivity at 1 kHz 
was 1.73, the same as in the recent cable.  There 
was no evidence that either cf these two properties 
had changed since the cable was installed in 1965 
and, in particular, there was no sign of the 
filling compound replacing gas in the cells. 

The measured permittivity of the 1964 
insulation varied by up to + 12% from the value 
predicted by the Lichtenecker expression for the 
two component (polyethylene/air) dielectric 

log E. = V  log E 
i   P     P 

where E-   and E    are  the permittivities of  insulation I p and solid polyethylene respectively and V    is  the 
volume fraction of solid polyethylene.        This was 
presumably because of  the  size and distribution of 
the  gas bubbles;   the permittivity of  the current 
insulation,  with fine cellular structure,   is very 
near  to  the predicted value. 

An experiment was carri 
answer an  interesting question as 
coarse cellular structure  in the 
was more or  less resistant  to eel 
petroleum jelly  than    the  fine ce 
of  the current  insulation.     Insul 
from the  1964 cable and  from one 
extracted with n-hexane at 400C, 
weight measured  in air and water. 
measurements were made on duplica 
1975 cable not  subjected  to extra 

ed out in order  to 
to whether the 

1964  insulation 
1  filling by 
llular structure 
ated conductors 
made  in 1975 were 
dried and  their 

Similar 
te samples of  the 
ction by n-hexane. 

All   three  types  of samples were  then 
immersed at  70oC  in  the  petroleum jelly of  the  1975 
cable   (known  to produce cell  filling at this 
temperature) .    The samples were re-weighed  in air 
and water after  2 and 4 weeks immersion.    The changes 
in density of  the  insulation and  the proportion of 
the gas  space  replaced by petroleum jelly  in the 
cellular  insulation are  shown in Table  III. 

Comparison of Rates of Cell Filling at  70oC  in Coarse 

Cellular Structure of  1964  Insulation and Fine 

Cellular Structure of Current Ins"lation 

1964 Cable 1975 Cable 1975 Cable 
Insulation Insulation Insulatior 
Extracted Extracted Un- 

Extracted 

2 weeks immersion 
at 700C 

Initial density,g/cn. 0.649 0.711 0.668 

Final density, g/cm^ 0.888 0.777 0.755 

Density increase, Z 37 9 13 

7,  Gas space filled 84 30 33 

4 weeks immersion at 
70oC 

Initial density,g/cm 0.630 0.676 0.661 

Final density, g/cm3 0.919 0.779 0.788 

Density increase, 7. 46 15 19 

7,  Gas space filled 95 40 46 

The results  show that  the cellular structure 
of   the currently made  insulation,  with fine non- 
intercommunicating cells  15 - 30 ym in diameter and 
a  smooth skin on the outer surface  is more  resistant 
to  cell  filling than the coarse  cell  insulation of 
1964.    A small difference between  the apparent rates 
of  cell  filling of  the hexane extracted  and unextracted 
samples of the 1975  insulation was  expected.     Before 
the process of cell filling can commence  the petroleum 
jelly must dissolve in the  polyethylene  in  the case 
of  the extracted  samples, while  in  the unextracted 
specimen;,  the polyethylene  already contains petroleum 
jelly at  the beginning of  the  immersion period. 

The mechanical properties   (average  tensile 
strength of 5.8N and average elongation of  490%)  of 
the  insulation of  the  1964 cable  did not  show any 
significant difference  from those  recorded  for the 
present day cable.    Also no  stress  crack  failures 
were  recorded in the BTL wrap test16    at  600C and  70oC. 
Therefore it was concluded  that  the insulation had 
juffered no serious deterioration during  the  10 year 
period. 

As was  the current practice at  the  time,  the 
insulation used  in the  1964 cable  contained  a nominal 
0.1%  of a phenolic  antioxidant and  no copper  inhibitor. 
This  level of stabilisation would  have given it a life 
of  about 200 hours  in an accelerated ageing test  in 
air  at  1050C  3    if  tested  imnediately after manufacture. 
The  results of  tests on  insulation  from the  recovered 
cable  show the  life-times  at  105oC of  1200-2400 hours, 
again illustrating the previously  reported13  improve- 
ment  due  to absorption of  filling compound.     This 
insulation would now pass  the current BICC  requirement 
(of  not  less than 1000 hours at  1050C)  as  having 
adequate resistance  to ageing in  s.irface  cabinets or 
pedestals.    The currently made  insulation has  a higher 
level  of  initial  stabilisation,  which gives,lor 
insulation from a  freshly made cable,a  life  time of 
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1500 - 3500 hours  at  105oC.     This improvement has 
been introduced because cables may be jointed soon 
after manufacture  and before  the insulation has 
derived  the benefit of prolonged contact with the 
petroleum jelly. 

A.3    Filling Compound 

The  filling compound in the recovered 
cable did not comply with  the subsequently  introduced 
requirements.    The drop point  (IP-31) was only 380C 
as compared with 550C minimum specified by  the BPO    7 

(i.e.  for cables used in the UK). 

An infra-red spectroscopy examination of 
the filling compound from the  10 year old cable 
showed general chemical similarities  to the currently 
used material  and  there was no evidence of oxidative 
ageing.    The viscosity of the  1964 compound was very 
low as compared with  that of  the currently used 
material as would be expected from the difference  in 
their drop points.    A comparison was also carried 
out of  the dielectric properties of  the filling 
compound from the recovered  196A cable with  those 
from a recently made cable.    Table VI shows that at 
1 kHz the properties are similar.    The volume 
resistivity of  the  1964 compound is lower and the 
loss tangent generally higher;    this would be an 
expected consequence of  low viscosity although 
higher moisture content could be a contributing 
factor. 

The degree of filling under the core 
wrapping remained  substantial,     WX    as measured by 
the direct air displacement method, which generally 
gives lower results  than other methods.    As the degree 
of filling at manufacture cannot now be established, 
it is not known whether the  196A cable was  less 
completely filled than those of current manufacture 
or whether this value reflects a subsequent change. 

The recovered length of the 1964 cable 
did not pass  the BPO  test for resistance to water 
penetration (which was not formulated until  two 
years later in 1966).    The currently made cables 
which meet  the requirements  of  this test all  contain 
higher viscosity,  higher softening point filling 
compounds.    The  lower viscosity of  the filling 
compound used in 1964 may account for the poorer 
performance but incomplete filling, particularly 
between the core bundle and   the sheath, may have 
been a contributory  factor. 

Table VI 

Properties of Filling Compounds in the 1964 and 
1975 Cables 

Property 1964 Cable 1975 Cable 

Drop Point (IP-31)0C 38 73 
Permittivity at 230C 

1 kHz - 1 MHz 2.3 2.3 
Loss Tangent at 1 kHz 

240C 0.0003 0.0001 
30OC 0.0003 0.0001 
39°C 0.0003 0.0001 
46°C 0.0003 0.0001 
520C 0.0003 0.0001 
610C 0.0007 0.0001 

Loss Tangent at 1 MHz, 230C 0.0081 0.0050 
Volume Resistivity at 230C 

(ohm. cm) 6.4 x 1013 2 x 1015 

4.4 Paper Wrapping 

Since  there were  indications  of  presence 
of moisture  in the original underground  joint,   tests 
were carried out on the paper wrap.     Its moisture 
content  and dielectric properties were  compared with 
those of  a similar paper wrap of a  recently made 
cable.     On drying for 7 days,  at room temperature, 
over phosphorus pentoxide,  the  1964 cable paper  lost 
8% of its original weight and  its   loss  tangent   (at 
1 kHz)  decreased from 0.048 to 0.005.    Under similar 
conditions,   the paper from a recently made cable 
showed a  2.3%  loss in weight,  with  loss  tangent 
decreasing from 0.030to 0.005.    There was  little 
further  change,  after 14 days drying. 

4.5 Transmission Characteristics 

It was felt that an examination o.r trans- 
mission characteristics above  the  audio band would  be 
of interest in view of  the probable  future need  for 
wide-band  transmission facilities  in the existing 
local networks. 

Fig.  5 shows the attenuation and phase 
shift up  to  1 MHz for both old and new cables. 
Similarly Fig. 6 shows a comparison of  the    correspond- 
ing impedance characteristics.    The similarity between 
the two  cables  is obvious.    Fr r completeness the 
corresponding primary line coefficients  are compared 
in Figs.   7  and 8.    These characteristics  were derived 
by measurement of open circuit  and  short  circuit 
impedances  followed by calculations  in the usual  wcy. 
The only parameter to show a significant  difference 
is  the shunt  leakance which is much higher  for the 
old cable  and may be related to the differences  in 
the loss  tangents and resistivities of  the  two filling 
compounds   (Section 4.3).    However,   this  parameter 
does not affect the transmission characteristics  in 
the measured range cf frequencies. 

4.6 Jointing 

On recovery of  the 25 m length,   the remainder 
was jointed  to a replacement length of cable using 
the CWI mentioned in Section 3.2.    The jelly filled 
version was used and no difficulties arose. 

A complete joint of  the kind described  in 
Section 3.3 and illustrated in Fig.   3 was made at 
the BPO External Plant Development Laboratories, 
using part  of the 25 m recovered  length.     The joint 
was made without difficulty and  there was no sign 
of permeated petroleum jelly interfering with the 
resin seal      between the cable  sheath and  the base 
of  the closure. 

Although it is not the current  BPO practice 
to use injection welding techniques  for  the  sheath 
closure of  local distribution cables,   several such 
closures were made successfully on part of  the 25 m 
recovered   length which had been returned   to  the 
manufacturer's laboratory.18In all cases  the welds 
were satisfactory and peeling tests caused  the sheath 
to break before the weld.    There was  no  sign of 
damage to  the wire insulation as a result  of the 
welding operation. 

4.7 Summary of Main Findings in Relation  to 

the  10 Year Old Cable 

follows: 
The above findings may be  summarised as 
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(a) Transmission characteristics  are substantially 
unaltered,  not only at audio frequencies, but 
also at  frequencies up  to   1 MHz. 

(b) Mechanical condition and  properties of  insulation 
and sheath remained excellent  and  readily 
permitted rejointing of  the cable using modern 
methods. 

(c) Permeation of  filling compound  into  the air cells 
had not  taken place despite  the coarse cell 
structure. 

(d) There was  some  evidence of moisture permeation, 
particularly in the outer paper wrap.    This had 
not affected the electrical  parameters of 
practical  importance.    The degree of  filling 
remained substantial. 

(e) The general condition of   the cable  leads to an 
expectation of continuing satisfactory 
performance. 

5. Further Developments Since 1964 

Since 1964 the use of the cellular 
insulated, petroleum jelly filled cable has been 
extended to cover many areas outside the U.K. Also 
the design of the present day cable has been changes 
in a number of details, generally with a view to 

extending the operating conditions.  It is necessary 
and relevant therefore before concluding the paper 
to discuss the extended environment likely to be 
encountered and the effect of the changes in design. 

5.1 Environmental Factors 

This subjec 

in Section 2.1. The 
being largely depend 
clearly reach much h 
but otherwise, as re 
remarks in Section 2 
literature suggests 
temperature of a bur 
350C anywhere in the 
aerial cables depend 
of energy exchange w 
literature indicates 
cables is likely to 
temperature of 400C. 

t has been introduced briefly 

earth's surface temperature 
ent on solar radiation will 
igher levels in tropical climates, 
gards soil burial conditions, the 

1 apply.  A search of the 
that at a depth of 0.6 m the 
ied cable is unlikely to exceed 
world.10 The temperature of 

s on a more complex mechanism 
ith the ambient environment. The 
that the temperature of these 

reach 50-55oC for an air 

For cable laid on the surface of the ground 
or stored on unlagged drums temperatures as.high as 
60 - 650C may be encountered in extreme conditions. 

These conclusions are supported by recent 
measurements made on our behalf by East Africa Posts 

and Telegraphs. 

5.2 Cable Design Improvements 

The first step was to raise the drop point 
of the filling compound to 550C thereby permitting a 
continuous cable service temperature of up to 350C, 
but still allowing cold pumping of the filling 
compound into the cable during manufacture. This 

remains the current BPO Specification requirement17 

for drop point. Later, a further enhancement of 
drop point to about 700C permitting continuous 
operation of the cable up to 50oC was adopted by some 
manufacturers, so that filled cables would be suitable 

for direct burial anywhere in the world.  This filling 
compound was too stiff to be pumped in the solid 
state and a hot liquid filling technique was adopted. 

This remains the situation for UK manufacture 
up to the present.  Since a maximum aerial cable 
temperature of 50° to 550C was expected (Section 5.1), 
and as laboratory work indicated that permeation of 
the filling compound into the air cells of the 
insulation did not occur below 550C  , the change 

in filling compound permitted use of this design of 
cable to be extended for aerial application even in 
hot climates. 

It was realised that the small portion of 
buried cable which entered a flexibility cabinet 
would experience wider extremes of temperature than 
the buried portion and could be at risk because of 
the higher temperature involved when these above- 
ground structures are exposed to sunlight. Therefore, 
stabilised insulating and sheathing materials were 
used from the outset and the selection of filling 
compound which would not detract from the stability 
of the plastic materials was carefully studied. 
H'-'ter, these laboratory studies together with 
lepoits regarding the high rate of insulation 
I li'ures of dry solid polyethylene insulation in 
It: :.;"..nj L cabinets in the southern part of the USA 
i-u to the conclusion that for the widest application 
(i.e. tropical and sub-tropical areas) a substantial 
improvement in the oxidation stab'lity of the dry 
insulation was needed.  Standards for laboratory 
testing (1000 hours at 1050C under specified conditions) 
were established and cellular polyethylene formulations 
were developed in collaboration with materials suppliers 
to achieve this performance. 

Improved protection of the cellular insulation 
on copper conductor against thermal oxidation has 

been achieved by the use of a more powerful stabiliser 
system comprising an efficient phenolic antioxidant 
and a copper inhibitor. The increased stability of 
the insulation is not adversely affected by prolonged 
contact with the selected grades of petroleum jelly 
filling compounds in current use. The latter contain 
natural constituents which act as effective oxidation 
inhibitors, and absorption of these filling compounds 
enhances the resistance to oxidation of the insulation 
and compensates for any loss of antioxidant from the 
insulation by diffusion into the filling compound.1 3 

The preferred antioxidant is 2:2'-methylenebis- 
[ 6-(a- methylcyclohexyl)-4-methylphenol] which combines 
desirable characteristics of high effectiveness in 
solid polyethylene as well as in complex cellular 
polyethylene compositions, low volatility and 
excellent compatibility with low and medium density 
polyethylene.  It is now well recognised that the 
performance of many commercial antioxidants in the 
critical temperature range 50° to 70oC is seriously 
impaired by their poor solubility in the i olymer 
which leads to partial migration of the antioxidant 

to the surface of the insulation and its subsequent 
loss.19 The outstanding solubility characteristics of 
the antioxidant used in the current product are 
illustrated in Fig. 9, showing the results of accelerated 
oxidation tests carried out on polyethylene sheet 
(0.6 mm thick) containing initially 0.2% antioxidant, 
after periods of exposure to air at 500C. The test 
specimens were washed with acetone to remove any 
antioxidant present at the polyethylene surface, and 
the oxidation inducation period at 1800C was determined 
using a conventional oxygen absorption test method. 
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Copper inhibitor N:N'  - dibenzal   (oxalyl 
dihydrazide)  has been found satisfactory for 

it is the view of  the authors, that because of other 
considerations,   this potential should be pursued with 
some caution. 

6. The Future 

75 u 5 10 15     "       25 50 

TIME Of   EXPOSURE   TO  AIR   AT   SO'C (DAYS) 

FIG. 9 

EFFECT  OF  LOSS  OF ANTIOXIDANT   FROM    POLYETHYLENE 

BY DIFFUSION   TO THE SUBFACE  AT   SO'C    ON 

RESISTANCE   TO   OXIDATION 

A     ]   l'-MCTHYLENE  SIS   (»-(•< METHYLCYCLOHEXVL )-4-METHVLPHENOL] 

O     4i4'-THI0eiS   (3-METHYL-6-TERT BUTYLPHENOL) 

Copper inhibitor N:N' - dibenzal (oxalyl 
dihydrazide) has been found satisfactory for use in 
combination with the above antioxidant in both solid 
and cellular polyethylene insulation. 

Laboratory ageing tests  at temperatures 
between 70° and 1050C indicate that the insulation 
on copper conductor meeting the BICC test performance 
requirement (not less than 1000 hours life-time at 
105oC) would be expected to have a life of 15 years 
at a constant temperature of 50oC. This level of 
resistance to oxidation of the current product is 
considered adequate to ensure 25 - 30 years service 
life in practically all climatic regions. 

The problem of rapid ageing of insulation 
does not arise with the current use of aluminium 
alloys in the BPO for local network cables. 

Since manufacture of the Plymouth cable, 
the development of both raw materials and the 
processes for the production of cellular insulation 
have made considerable progress.  Space precludes 
discussion of the details, but the aims have been a 
progressively finer cellular structure of non- 
communicating cells, smooth surface finish both 
internally, (i.e. on the surface adjacent the wire) 
and most important - externally, the absence of 
plate-out; and of course a high process speed. The 
main motivation in the pursuit of a finer cellular 
structure was the attainment of the best mechanical 
properties at low permittivities and thicknesses. 
A fine structure, by allowing lower insulation 
densities (higher blow rates), also permits a saving 
in materisls. Today, cellular structures range from 
10 to 30 pm in cell diameter, i.e. l/3rd to ]./5th 
of the cell sizes in the Plymouth cable. This 
improvement in cellular structure has by no means 
been fully exploited by cable manufacturers and 
further substantial economies in cable size and 
naterials useage are in principle possible. However, 

The use of cellular polyethylene insulated, 
fully-filled cable is already firmly established as 
standard BPO practice for the local distribution network. 
It seems clear that, both on operating and economic 
grounds, the use of such cables will gain increasingly 
wide acceptance throughout the world. 

A number of fully-filled cables (some with 
copper and some with aluminium as a conductor) in sizes 
up to 1600 pairs have been manufactured for and installed 
by the BPO in selected local main networks, on an 
experimental basis. 

However, BPO local main networks are, in 
general, pressurised and an economic study has shown 
that given an existing pressurisation system it is 
cheaper to retain it and improve if necessary, rather 
than to abandon it in favour of fully-filling. Although 
the manufacturers had difficulty at first in completely 
filling cables with bonded aluminium moisture barrier 
the cables have given a good service. Further 
development in this field is not envisaged by the BPO 
in the near future because the adoption of fully-filling 
in this part of the network cannot be justified. 

However, for some countries which do not have 
an already existing capital investment in pressurisation 
equipment, and for whom development of their network is 
at an early stage, the fully-filled concept is likely 
to prove attractive, and this is leading increasingly to 
inquiries and orders for such cables. Methods for 
filling such large sizes are being progressively 
developed, and cables up to 2400 pairs have been made 
in U.K. and supplied to export customers. 

As already explained, BPO practice is to 
protect local main cables by a polyethylene sheath and 
bonded aluminium foil barrier. This has imposed a 
problem for the filled version, because it is exceedingly 
difficult to block completely the water path between 
the moderately stiff and circular screen, and the softer 
and more misshapen core bundle. The problem has been 
mitigated to some extent by coating the core bundle 
with a filling material modified for maximum immobility   • 
and good wetting characteristics, as well as development 
of tight screen application techniques.  However, this 
problem has not yet been fully solved and the work is 
continuing. A complete solution may involve quite 
specialised materials and techniques. 

The bonded foil was originally incorporated 
in the unfilled cable of the local main network as a 
moisture barrier although it provided also an electrical 
screen. For filled cables, in cases where the electrical 
screening is not necessary, (and this may apply to the 
majority of applications), it may be possible to omit 
the screen altogether or replace it by a suitable 
flexible wrapping material which will serve as a 
barrier against petroleum jelly permeation. 

The present design of filled cable using 
cellular insulation and an economically attractive type 
of filling compound with a good overall balance of 
properties, is suitable for prolonged operation up 
to 50oC, There are few situations in which the operational 
requirements of telephone cables involve high temperatures. 
Nevertheless, with the rapidly expanding usage of 
fully-filled cables, the requirements are kept under 
review. Should a need for a higher than 50oC service 
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temperature become recognised,   cellular polyethylene 
insulation will be used but with a re-formulated 
petroleum jelly compound.    The development work on 
filling compounds is generally  towards  a further 
improvement in the balance of  low and high 
temperature properties with a close watch on the 
economic factor. 

Cable development  is a continuing process 
and close technical collaboration between the user, 
who has the field experience,  and  the suppliers, 
who have the manufacturing expertise,   is essential 
if  the best use is  to be made of new materials as 
they appear and new production techniques which 
evolve  in consequence.    The fully-filled cable is 
but one example of  this development process. 

14. S. Verne,  A.A.  Pinching and J.M.R. Hagger, 
Proc.  22nd International Wire and Cable 
Symposium  1973,  p.2A4 

15. British Post Office Specification CW-128P 
(June 1966) 

16. M.C.  Biskeborn and D.P. Dobbin,  17th International 
Wire and Cable Symposium,  1968 

17. British Post Office Specification CW-1A2B 
(October  1972) 

18. J.G. Nevison and D.T.  Parr,  Proc.  23rd 
International Wire and Cable Symposium, 
1974,  p.375 
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Appendix 

Report on Recovery of 1964 Fully-Filled 

Cable 

1. Introduction 

In co-operation with the BPO, a short 
length (about 25 m) of early CW128 fully-filled 
local distribution cable was recovered on Tuesday 
8th April, 1975. 

2. Location 

The cable was situated on the Frogmore 
Farm Estate, Eggbuckland, Plymouth, Devon.    The 
section removed was a ducted section between two 
manholes - the precise location is  shown on the 
sketch map below. 

SHALLOWFORO 
ROAD 

PATH OF CABLE , \ 
(DIRECTLY BURIED) I 

EGGBUCKLANO^yGoAD,eNT ROAD    /^Ö««D'|NT 
I In S up 

EGGBUCKLAND 
ROAD 

GRADIENT 
I In   5 up 

LOCATION   OF FULLY- FILLED   CABLE 
RECOVERED  IN   PLYMOUTH ON 8-4-1975 
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Observations 

3.1    Manholes 

Both manholes were about 0.9 x 0.6 m and 
about  1.2 m deep.     They had concrete bottoms  and 
brick walls. 

Manhole  I had a  thin layer of mud covering 
the bottom. 

Manhole  II had water to a depth of about 
150 ram,   i.e.  to the  level of  the  lowest exit duct. 

Manhole  II was slightly below the  level 
of Manhole  I. 

3.2 Duct 

The duct carrying the cable across the road 
was a single bore earthenware type of about 150 mm 
diameter. 

As well as the recovered cable there 
were six other cables in the duct, all with black 
polyethylene sheaths. 

There were no le.ad sheathed cables in the 
duct in either of the manholes. 

3.3 Cable 

The cable was a 100 pair,  0.5 mm  (24 AWG) 
CW128 cable.    In Manhole II  it had been jointed to 
an unfilled (all-polyethylene)  cable.     In Manhole I 
the cable ran straight  through and  into  the ground 
below the pavement in Shallowford Road.     It was 
therefore necessary  to cut the cable  in Manhole 1. 

3.4 Closure 

The closu P in Manhole II was  of  the 
expanded plug type which appeared undamaged,  and 
was well above  the  level of  the water.     There was 
no water inside  the closure. 

3.5 Joint 

The jointing of individual conductors had 
been the standard crank-handle  twisting method and 
then covered with  a silicone-grease  filled poly- 
ethylene sleeve.     The majority of  the bared copper 
conductors showed some  slight tarnishing,  and in 
one case definite greening. 

The insulation which had been exposed in 
the joint appeared  to be basically  sound.    There 
was no evidence of  stress-cacking of  twisted 
portions.    There was however,  considerable evidence 
of colour fading,  particularly on  the orange which 
had become almost white. 

4. Removal of Cable 

The cable was sealed at each end using 
self amalgamating tape. The end which had been 
cut in Manhole I was covered with a yellow tape. 

The cable was pulled out from Manhole I. 
It was noted that it was thinly coated with «et 
silt. There was no evidence of sheath puncture. 

5. Samples 

The following samples were recovered for 
possible examination: 

A. Water from bottom of Manhole II 

B. Silt attached to cable when pulled from duct 

C. Hud from bottom of Manhole I 

D. Various pieces of insulation from joint 

E. Silicone grease filled polyethylene 
sleeves from joint 

6. Miscellaneous Information 

During the removal operation the jointers 
carrying out the work volunteered observations and 
opinions based on their local experience. 

6.1 Cable damage due to puncture of the 
polyethylene sheäth was frequent but always due 
to digging accidents. There were no known instances 
of failure due to environmental factors. 

6.2 The system of ducts and manholes gets very 
wet.  Some ducts seem to act as land drains, it being 
stated that water flows continuously through some 
ducts, even in the absence of rainfall. Many manholes 
become completely filled with water. 

6.3 Where possible all joints are left above 
the water level in a manhole. Where thic does not 
happen, or is not possible, jointers have reported 
heavy greening of copper inside closures. 

6.4 Jointers considered that the expanding 
plug type of closure (which is now obsolete) was less 
reliable than the current types. 

6.5 Jointers commented that colour fading in 
filled cables, especially with orange, had sometimes 
given problems in identification. 

JACK PRITCHETT 
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A NEW TYPE OF LONGITUDINALLY WATERPROOF TELEPHONE '.ABLE 

Dr. F.H.  Kreuger 
NKF GROEP B.V. 
Rijswijk    Holland 

Ir. H.L. Gorissen and Ing. 
NKF KABEL B.V. 
Delft    Holland 

J.F.  Kooy 

Summary Blocking compound 

Up till now the method generally used for making tele- 
phone cables waterproof is to fill the complete cable 
core with petroleum jelly. An important disadvantage 
of this method is the high increase of the mutual 
capacitance of the cable (about 15%). 
By applying blocks of self vulcanizing rubber NKF has 
succeeded in combining the excellent waterblocking 
properties of petroleum jelly with a low dielectric 
constant. 

The drawbacks of plastic insulation 

When changing over from paper to plastic insulation 
for telephone cables two inherent problems arise that 
have to be solved. The first and most widely recog- 
nized problem is the fact that the dielectric constant 
of oolyethylene-air insulation is up to 25% higher 
than that of paper-air insulation. A common solution 
to this problem is th° choise of cellular polyethylene. 
This choise in its turn raises some difficulties, but 
these facts do not form a subject of this paper. 

A further problem, that is recognized after introdu- 
cing plastic insulation, is water penetration along 
the core of the cable. In paper cable water entry into 
the core can easy be recognized by the fast deteriora- 
tion of the transmission performance. On the other 
hand the paper swells and blocks the water more or 
less. Repairing the cable within a short time after 
damage is possible and a comparative short length of 
cable has to be replaced. This problem has also a 
rather classical answer: the filling of the polyethy- 
lene insulated cable core with a petroleum-jelly com- 
pound. This filling however, leads to a further in- 
crease of the dielectric constant by 15 to 20%. 

The blocking compound has to meet the following requi- 
rements. 
- low viscosity during filling operation to enable the 

filling of all  interstices of the cable core and 
especially the hearts of the quads. 

- viscosity directly after injection such that the 
compound does not drip from the cable core. 

- compatible with other materials used in the cable 
core. 

- no noticeable effect on the electrical and mechani- 
cal properties of the cable. 

- acceptable handling properties for manufacturing 
and installation personnel. 

- no significant influence on normal jointing techni- 
ques and compatible with jointing materials. 

The blocks should meet the following requirements. 
- excellent waterproof properties. 
- blocklength as short as possible in order to reach 

the lowest possible    Er increase. 
- flexible so that there is no significant difference 

in bending behaviour between a filled and an unfil- 
led cable. 

- stable even after thermal or mechanical action over 
long periods. 

For these blocks no petroleum-jelly compounds or even 
petroleum-jelly/polyethylene compounds can be used as 
these compounds melt at higher temperatures and water 
blocking would be impaired. 

NKF has developed a blocking compound that meets all 
the requirements mentioned above. The compound is 
slightly foamed in order to reach a lower capacitance; 
hence the name Aquafoam.  The compound is based on a 
selfvulcanizing silicone rubber. After vulcanization 
the block is mechanically stable even at temperatures, 
which amount at least 100oC. 

Water blocks Production technique 

In order to minimize the   er,-increase we developed 
cables with blocks, which cover only 5 to 10% of the 
cable length. The degree of filling depends mainly on 
the blocking-compound, the injection technique, the 
maximum acceptable increase of   er and the maximum 
allowable amount of water in the cable core in case of 
a sheath damage. For a 10% filled cable an   er in- 
crease of about 3% is achieved.    At this low value the 
diameter of a filled cable needs hardly to be larger 
than that of an unfilled cable with the same 
capacitance. 

A production technique has been developed for a cable 
with quads  in concentric layers, which is the normal 
type of cable in Holland.  The main difficulty encouter- 
ed with cables of this type is to reach the heart of 
the quads with the blocking compound. This could not 
be done by filling the complete core of the cable in 
one shot. The best results were obtained by filling 
each individual layer during tne stranding operation. 

In order to reach this result the following major items 
had to be developed to generate a full proof production 
teimlque : 
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Fig.  1  :    An injection system 

An injector in which the layer is formed and the 
blocking compound is injected. The major aspect 
in the development was to reach sufficient pressu- 
re of the compound directly after the injector in 
order to reach the heart of the quads. 

A system for feeding the injectors. The main 
problem was to obtain an injection time of 0.1 sec. 
or less in order to reach a sufficiently snort 
block. Figure 1 shows a complete injection system. 

An electronic system for the synchronization and 
the control of the injection units. Synchroniza- 
tion is needed for situating the block in each 
layer on top of each other. This system is control- 
led by the speed of the stranding machine, there- 
fore synchronization is not affected by variations 
in stranding speed. 
In figure 2 this system is shown. 

The length of the blocks is about 15 cm and the block 
distance can be varied from 0.5 m up to several meters. 
With this production technique concentric cables up to 
150 quads have been manufactured, without any reduction 
in stranding speed as compared to usual. 

Actual cables and results 

To investigate the long term stability and the effects 
of the blocks on the electrical properties of the cable 
an aging test is performed. For this purpose the follo- 
wing cables have been studied : 

* Two cables with 0.5 mm conductors and solid poly- 
ethylene insulation (a normal distribution cable). 

* Two cables with 0.8 mm conductors and foam polyethy- 
lene insulation (a cable with extremely low capaci- 
tance unbalance). 

Both types consist of 27 quads in 3 layers. One cable 
of each type has Aquafoam blocks with a length of 15 cm 
and a distance between the blocks of 1.5 m. The other 
cables are unfilled and are used as a reference. After 
manufacturing a number of electrical properties have 
been measured, of which the most important are : 
- mutual capacitance 
- capacitance unbalance within the quad and between 

pairs of different quads 
- far-end crosstalk at 1 MHz 
- insulation resistance 

No difference was found between filled and unfilled 
cables for all electrical properties; only the mutual 
capacitance differed as was to be expected (table 1). 

solid PE foam PE 

unfilled 36.8 nF/km 31.9 nF/km 1 

with blocks 37.7 nF/km 32.7 nF/km 1 

increase in cap. 2.4% 2.5% 

Table 1 :    Mutual capacitance of the cables under 
test. 

fig. 2  :    The electronic control system. 

These cables were aged at a temperature of 50 C during 
65 days. After this period all electrical properties 
were measured again and no change in electrical proper- 
ties was found. 

Field trial 

In the telephone network in the Netherlands distriou- 
tion cables up to 50 quads are plastic or paper insula- 
ted, larger cables are paper insulated. NKF has 
developed a new type of waterproof plastic insulated 
distribution cable with 150 quads and filled with 
Aquafoam blocks. 10 km of this cable has recently been 
manufactured and will be used by the Dutch PTT for a 
field trial. The conductors of this cable have a 
diameter of 0.5 mm and are insulated with solid poly- 
ethylene. The core has a centre of 3 quads surrounded 
by 6 concentric layers with respectively 9-15-21-27-34 
and 41 quads. The core is closely wrapped with plastic 
tape. The cable has a PE-AL-PE sheath and armouring of 
plastic insulated steelwires. 
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A cross section of this cable is shown in fig.  3,  in 
fig.  4 a cable core with Aquafoam blocks is shown. 

During the waterpenetration test - 1 m watercolumn 
during 7 days - the tested cable samples remained 
waterproof.  In fig. 5 this test is shown. 

^0mmö o 

Cjble core consisting of 
qUfl'Js  in  cuncontric  layers 

Core wrapping 

PE inner sheath 

Aluminium tape 

PE outer sheath 

Plastic insulated 
steel wire armouring 

fig.  3  :    Cross section of a 150x4x0,5 i^m cable. 

fig.  4 :    The core of a cable with Aquafoam blocks. 

The main electrical  characteristics are indicated in 
table 2.  These results are almost identical with those 
of an unfilled cable. 

able 2    Electrical  characteristics of a cable type 
150x4x0,5 mm with Aquafoam blocks. 

mutual capacitance       - 800 Hz 37 nF/km 

capacitance unbalance - 800 Hz 

within the quad 

between pairs of different quads 

x 
max. 

insulation resistance - 500 V 

20 
98 

68 

pF/500 m 

23.10    Mohin km 

J 

i m water column 

PE sheathed 
cable core 

ffr-1.^*^-»^— 

Aquafoanjijock 

fig. 5  :    Water penetration test. 

Material savings 

Important material savings can be achieved by the 
application of Aquafoam blocks  instead of petroleum 
jelly.  For quad cables the decrease of the core diarie- 
ter by using blocks instead of petroleum jelly is 
about 15%. This reduction in diameter results in less 
insulation material and with armoured cables in less 
materials for sheathing and armouring. 

Figure 6 gives the relative material  costs for cables 
with 150 quads and with the construction mentioned 
above. Material  costs are based on July 1975 prices. 
The total savings are 121 of which 6% is caused by 
reduction in insulation material  and filling compound 
and 6% by reduction of the sheathing and armouring 
materials. 

100!S 

Sheaths and arnouring 

Filling compound 

Insulation material 

Copper 

jelly Aquafoam 

fig. 6 :    Relative material  costs for a 150x4x0,5 mm 
cable with Aquafoom blocks. 
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Future aspects 

Other cable constructions with Aquafoam blocks such as 
paired- or unit type cable are under development. 
Paired cables can far easier be injected so that the 
present technique can easily be used for these cables. 
Unit type cables can also be processed in this way, 
but further development work is needed to cover this 
field. NKF believes that this new technique is an 
encouraging method for making longitudinally water 
tight cables without the draw-backs as experienced 
with the usual water blocking methods. 
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CHANGE OF CROSSTALK PROPERTIES IN CORRELATION TO 

THE INTERACTION OP POLYETHYLENE/PETROLEUN-JELLY 

H.J. Anderka, E.G.   Dageförde, H.A. Mayer 

AEG-TELEFUNKEN KABELWERKE AG 
Development Center 

Mülheim-Ruhr 
West-Germany 

SUMMARY 

It is a well-known fact that the transmis- 
sion characteristics of PE-insulated tele- 
phone wires are modified when petro-jelly 
fillings are used. These changes were meas- 
ured with particular reference to the 
crosstalk characteristics on solid PE foamed 
PE and dual insulation after storage at tem- 
peratures up 7o  C. The wires were ring- 
marked and stranded to form star-quads. 

In order to describe the experimental condi- 
tions more closely, it is necessary to dis- 
cuss the properties of the polymer insulat- 
ing materials, and those of the six differ- 
ent European petro-jelly types used in the 
tests and to specify the design of the ca- 
bles under investigation. 
Single wires insulated with PE, were first 
stored in an excess of ?J under laboratory 
conditions at temperabures of up to 7o C, 
and the variations in diameter, weight, and 
capacity were measured, the latter in a 
water bath. 

1ooo m lengths of cable on drums were then 
stored in a high-capacity thermal chamber at 
7o C. The cable lengths filled with PJ and 
reference cables of the same length but 
without PJ fillings were treated simultane- 
ously in the same thermal chamber. 
The variations in the mechanical and chemi- 
cal properties, and particularly in the 
electrical properties such as mutual capaci- 
tance, capacitance unbalances, and side ca- 
pacities were determined. 
These electrical properties change in filled 
cables with ringmarked PE conductors in a 
manner, which has an adverse effect on cross- 
talk properties, which means that repeated 
balancings in the field would be necessary. 

The rate of diffusion and the concentration 
of the PJ in the PE are governed by temper- 
ature. 
Conditioning of the PE insulated conductors 
at 7o G in PJ accelerates diffusion and 
provides trend d^ca suitable as a starting 
point for planning the investigations on 
cables. 
The measurements and recordings of the above 
mentioned variations indicate that the 
properties affecting crosstalk, are stabi- 
lized within a few days at a temperature 
of 7o C. 

The possibility for the application of PJ- 
filled cables with ringmarking are dis- 
cussed with reference to current and future 
applications. 

INTRODUCTION 

Efficient communication by wire calls for 
a constant transmission quality within a 
defined scope over long periods. When as- 
sessing transmission quality, the subscriber 
tends to stress volume and range. This con- 
viction stems from a period when engineers 
were not yet able to compensate line losses 
by means of amplifier equipment. 
The same user, however, will scarcely ex- 
press gratitude if his call is disturbed by 
eavesdroppers and crosstalk. 
In view of the large number of transmission 
channels in modern telephone cables, adequate 
crosstalk attenuation values are imperative 
today. These can be obtained by stable char- 
acteristics of the components in the tele- 
phone cable and have to be guaranteeci over 
long periodp. It is not possible to make ad- 
justments by instrument matching, such as is 
possible in the case of line attenuation 
by adjustment of the amplifier. 

Following a development process occupying 
the space of several years, it is now possi- 
ble to stabilize the mechanical and chemi- 
cal properties of the PE/PJ system. A vari- 
ation in the mutual capacitance due to 
aging, which is mentioned in several re- 
ports 5, 4-, 7, 8 can be accepted within 
certain limits. 
However,crosstalk attenuation values are a 
direct function of the capacitance unbal- 
ances. If capacitance unbalances occur due 
to aging, the function 

FEX = ^-m 
results in a modification of the  crosstalk 
attenuation values,   i.e.   the  incidence  of 
listening-in increases. 
The investigations discussed  in  this  report 
concern the  stability of mutual   capacitance 
unbalances in PJ-filled  cable with star- 
quads  configuration and  ringmarking of the 
wires,   such as are being used  in increasing 
degree in Germany and  some other European 
countries. 
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The foLlowinr dificunsion of the result;; ob- 
tained from thec-e Lnvprtigatiou? otartf; with 
comments on the cable material and the mutu- 
al interactions, both in an excess of petro- 
jelly and in cables with various contruc- 
tions and different petro-jelly typer;. The 
valuer, of the capacitance unbalances which 
occurred are stated  so that the effects on 
current installations and future systems es i 
be assessed. 

MATEiilALG AND  CABLE TYPE.:  USED TN  THE 
EXPERIMENTS 

Petroleum  jellies  as.   filling c .1 pounds 

To date, two systems have been used success- 
fully for longitudinal sealing of plastic- 
insulated telephone cables: 
Polyurethane foam ' end petrolatum ' . 
Petrolatum, also called petroleum Jelly 
(PJ), as used in these experiments,, is a 
compound of components (with boiling points 
* ?8o  C) obtained during the distillation 
of crude oi L : 
- microcrystalline waxes 
- paraffins 
- oils (naphthenic, with paraffinic and aro- 

matic components) 

The petroleum jellies contained the same 
phenolic antioxidant as the PE as an addi- 
tive in equilibrium concentration. 

The petro-jellies used did not contain any 
polyethylene additives. 

In order t 
PJ have di 
properties 
petrolatum 
pean count 
form with 
German Pos 
Sheet 3) a 
(M 142) 
Table 1 sh 
perties of 

Table 1 

o  examine whether various,  types  of 
fferent   effects  on the  electrical 
of  the   insulation,   six  common 
types   from  three different   Euro- 

ries were used.   All  six types con- 
the  requirements  of the  Federal 
tal   Authorities  6   (FTZ,  7? TV1, 
nd   of  the  British Post  Office 

ows  a   selection   of the main  pro- 
the  petro-jelli.os used. 

Type Limit 
according to 
FTZ 72 TV 1 

less shrinking more shrinking 

softer harder 

p    IQTCAII   R S      1      T U 

Shrinking * ^     Vol - 55 

95 

5 7 8.5 8,5 9.5 

Penetration at 25 C ^ mm 30 ■? 60 58 53 38 

Drop point  C 70 73 Ü 

16 

74 78.5 74 74 

Viscosity cP at 100 C 10 25 17 17,5 185 18 

Flash point 230 290 260 300 300 305 300 
Adhesion, at   10 C passed passed passed passed passed passed passed 

Oil separation passed passed passed passed passed passed passed] 

Dielectric constant at RT 
Weight increase of PE 
Type2VJ2(d    0.928-0,9211 
at 703C, 10d average0 

23 

10 

217 ?18 2,15 228 228 2,30 

7-8 8-9 7-8 - 7 - 7 - 7 

Table  1 European  petrolatum types 
used   in   the  experiments 

The  designations  are   not  related  to   the   sym- 
bols used  in  earlier  symposia. 
Shrinkage  is  an  important   criterion  for the 
minimisation  of void   formation during cool- 
ing. 
With  the  fillers used  in our experiments, 
it became  apparent  that  shrinkage of  softer 
petroleum  jellies with higher penetration 

factors is  less  than with the  harder  com- 
pounds having low penetration  factors.   Al- 
though shrinkages of up  to  1o  % on  cooling 
from  9o  to   ?o    C appear  acceptable,   jellie;j 
with  shrinkage rates  of  up  to  7 % are  ad- 
vantageous  for  filling  the  cable   spaces  in 
the  molten  state. 

Properties of the PE insulating materials 
used 

The following polyolefin types are gener- 
ally used as wire insulation in telephone 
cables: 
- polyethylene (LD-PE and HD-PE) 
- polypropylene (PP) 
- ethylene-propylene copolyraers 

The state in which these insulating mate- 
rials are used for insulation permits a 
subdivision into: 
- solid  polyolefin 
- cellular polyolefin 
- cellular/solil  polyolefin   (foam  skin)  9 
All three forras of polyolefin were used in 
these experiments. LD-PE and MD-PE with a 
density ^o.936 was used as a basis of 
comparison for all three forms of insulation. 
In the case of cellular/solid PE (also 
called "foam skin" or "dual insulation") the 
outher layer can consist of a different 
polymer as the basic polymer of the cellular 
layer. It is thus, for example, possible to 
reduce the permeability of the outher layer 
with respect to Po. 

Table 2 shows a restricted selection of the 
properties of the insulation materials used, 
which are all common in various countries. 

Table 2 
Properties at RT PE-Type                                    | 

Solid Cellular Cellular   +  Solid Obs.               j 

Density g/ctw 0.925- 
0.935 

0,46-0,58 0,46-0,48 0,925- 
0,935 

"different 
foaming          | 
degrees         j 

Melt-index g/10 min. 
at1900CofbasicPE 
orl^JX (cellular) 

■0,3 
0,6-0,9 0,6-0,9 

0,3 in some cable 
types- 0,3 

Foaming degree 
of cellular layer 0 3310 50' 50-58 0 'usually           | 

3810 43°,       ] 

Table  2        Properties of  the  PE materials 
used   for the insulation 

Solid  and  cellular PE contained  commercially 
available •phenolic antioxidants and   some 
had   synergistic additives or copper deacti- 
vators. 
The  corresponding antioxidants were also 
contained  in the PJ. 

Before and after aging for 1o  days at 7o 0C, 
elongation at rupture  of the  solid  PE was      r 

fe 3oo % (cellular PE  &125 %),   as  specified^', 
and  the wrap test was passed,   regardless of 
whether conditioning for 7 days at  7o    C in 
PJ had been carried out  or not.   The weight 
increase after 1o days at 7o     C in PJ was 

-tlo %. 
In  this respect attention must be drawn to a 
particular  feature of the  German cable 
design: 
the  star-quads with solid  PE and  cellular 
PE insulation were ringmarked  as  required 
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with a black ringmarking paint (free from 
carbon black), which cannot be wiped off 
even after prolonged contact with PJ and 
which is used by various firms for virtually 
all PJ filled cables with ringmarking. 
Several cables without ringmarking con- 
ductors were produced for cross-checking 
purposes. 

Design data of the cables examined 

Wall thicknesses of the insulation of the 
examined cables: 

Table3 
Cable 

Type ■Numbei ot 
insulahon 

Type 
WaM-Thtckness CorxJuctor 

Diameter mn. 
Number 
ot Pairs 

Obs 

A2YF|Ll?Y 
100 ■ 2 ■ o,e 

6" SoUd-PE 0.4 0.6 «0 
6 caDles with 6 
drtterent rjaccordmg 
to table i 

A02YFIU2Y 
»00 ■ 2 ■ 0,6 

1 Cellular PE' 0,25 0.6 100 Foaming degree -40°. 

A02Y2YF[L)2Y 
10 ■ 2 ■ 0.6 

1 
(CeHular ' 
SohdlPE 

0.3 • O.t 0.6 10 
Degree of blowing 
icelliilaf layer) -SO-SS".. 

Table 5 Construction data of the measured 
PJ filled cables 

All cables featured a layer sheat of co- 
polymer-coated aluminium tape. The spaces 
in the cable were filled with various types 
of PJ and the spaces in one length of each 
cable type were left empty to provide 
comparison samples ; these were also sub- 
jected to the same thermal cycle as the 
filled cables. 
looo-m lengths of each cable (the foam-skin 
type was only 3oo m long) were treated in a 
thermal chamber at increaasd temperature. 

INVESTIGATIONS AND RESULTS 

MEASUREMENTS ON SINGLE CONDUCTORS IN AH 
güggg OF PCT5DTOTO  

Such  investigations have  only a restricted 
practical value,   of course.  Huwever,  we 
undertook them  to  determine the  tendency of 
the variations caused by the interaction of 
PE/PJ on the  components used  in the  cable, 
and  in order  to keep the number of investi- 
gation on cables within reasonable  limits. 
As  to be expected,   cellular PE absorbs in- 
creasing quantities of petrolatum when 
stored for long periods in a surplus of 
petrolatum,   the  cells becoming partially 
filled during the  process. 

weight increase [*/■] 

._-    70 «C   PE'^- 

100   time [days] 

Weight (i.crease ot tellulor  PE (—3]V. and 

--ÄSV. blowing) m eieess ol PJ 

The incresse in weight, exceeding the pro- 
portion of PE (approx. 8 %) indicates par- 
tial filling of the cells. A more highly 
foamed PS abnorbs correspondingly more PJ. 

The types of PE used for insulation in our 
cable investigations, namely solid PE, cel- 
lular PE and cellular/solid PE, were also 
checked for weight increase in a .surplus 
of PJ (type P, drop point 73  C) before 
the investigations were made using full 
cable lengths: 

60-| weight increase [*/.] 

50- 

40- 
^,— cellular-PE 

30- 

20- 

10- 

• 
• 

• / / 
(c^iular.solKlJ-PE 

^^—                                                                             solid-PE 

time [days] 

0 10                           20                           30 

F192 
Weight incrtos» ot P£ msulaltd conoudor 
afl»f conditioning tn PJ (Typ» P) at 70'C 

e- 

var alion o< diameter [*/>] 

— — -=-=-— — 
i*^*^'^-—  

*Z^^ 
4 - *r 

'                               solid-PE 

 cellular-PE 

2-  (cellular.solid)-PE 

time [days] 

0 10                           20                            30 

Variation of diameter ot PE-cores 
alter conditioning in PJ at 70*C 

Due to swelling, the d 
lated conductors store 
at 7o  0, increased by 
all the discussed insu 
the first 1o days and 
slightly. Measurement 
wall thickness reveals 
ween 8 and 14 %. 
Fig. 4a shows the vari 
of the insulated condu 
a water bath after sto 
3o days in a surplus o 
at 7o 0C. 

iameter of the insu- 
d in a surplus of PJ 
approx. 5 - 6 '0 for 

lation types within 
thereafter only 
or calculation of the 
a variation of bet- 

ation in the capacity 
ctors as measured in 
rage for aprrox. 
f petrolatu'n (type P) 

The diagram shows the known behaviour of 
cellular PE. 
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vanation of capacitance [•(•] 

10- 
d-   
6- ^,  -^ "  " cellular   PE 

A-l s 
2- s 

0- / 
s 

-7 - \ s 

-4 - ^ 
-6- 

\ S<*N^ solid-PE 

{cellular.solid)-PE 
-8- 
-10- time [days] 

i 1 
10 20 30 

Fig 4„ 
Variation ol cupacuance of singles with diMerent 
PE-insulations in excess ot PJ at 70*0 

The capacity as meaeured in a water bath 
after storage in PJ 
- first drops, then increases in the case of 

cellular PE due to partial filling of the 
cells with PJ and the resulting rise in 
the dielectic constant, which outweighs 
the increase in diameter; 

- decreases in the case of solid PE due to 
the increase in diameter; 

- decrearpsin the case of cellular/solid PE 
due to the increase in diameter, accompa- 
nied by a relatively slight change in the 
dielectric constant. 

Under these conditions, the behaviour of 
cellular/solid PE insulation is simular to 
that of solid PE. 
The ringmarking was found to have a con- 
siderable effect. 
In order to determine this effect on the 
change in capacity in a water bath after 
storage in PJ type P at 7° C, single con- 
ductors insulated with solid PE and con- 
ductors insulated with cellular PE were 
stored in PJ at 7o C, some without ring- 
marking and others with ringmarking cov- 
ering 24 % of the surface. The PJ was then 
removed from the conductors and the change 
in capacity and weight of insulation was 
determined. 

A- 

3- 

2- 

1 - 

Capacitance variation 
by ringmarking [*/.] 

4d ,70*C 

Solid-PE                  Cellular-PE 
in PJ                             in PJ 

Influence of ringmarking on 
capacitance in Pj-excess 

Fig. 4b 

Whereas the weight increase remained approx- 
imately the same (15 % in the case of cel- 
lular PE and 8 % in the case of solid PE), 
the capacity of the ringmarked conductors 
changed in higher degree than was true of 
the unmarked wires. 

NEASUREKENTS ON CABLES FILLED WITH PETR0- 
mm  
Comparative investigations on star-quads in 
cables filled with PJ and cables with empty 
spaces between the conductors   ~~ 

The design of the cables, their wall thick- 
nesses, and types of insulation are speci- 
fied in Table 3. 
It should be mentioned here tuat only cables 
with solid PE insulation are filled with 
petrolatum within the area of the Bundes- 
post. Cables with cellular PE and cellular/ 
solid PE insulation were filled with PJ es- 
pecially for the experiments. 

For the measurements on the cable the 5 in- 
sulation types: 

- solid PE (1oo pair, ringmarked and 
unmarked) 

- cellular PE (Ico pair, ringmarked) 
- cellular/solid PE (1o pair, unmarked) 

and also the petrolatum types were varied 
(for solid PE, 6 different petrolatm fill- 
ers were tested). For comparison purposes, 
the unfilled cables were also thermally 
treated. Cable drums with 1ooo m of each 
type of cable stored in a thermal chamber 
at 7o 0C. 
It was found that the capacitance unbal- 
ances changed greatly within the first week, 
and then only slightly; for this reason, the 
storage conditions were initially fixed at 
7 days and a temperature of ?o C, and con- 
ditioning was carried out in two or more 
periods of 7 days or longer. 
The mutual capacitances were measured and 
recorded before and during this thermal 
treatment. Most cables were cooled after the 
thermal treatment and measured again at RT. 
After 7 days at 7o UC and an appropriate 
cooling period of 2  days, the changes in the 
insulated conductors diameter and the 
weight increase of the insulation were as 
follows: 

Table 4 
Type of 
insulation 

Density 
of 

basic PE 

g/cm1 

Degree 
ol 

blowing 

Wall- 
thick- 
ness 

mm 

Vanation after 7 or 14 days al 70UC compared to the 
onotnal PE "^ 

Weiofll increase after conditioning at 700C Diameter   1 
before 7 days 14 days 7d .4d 

Solid - PE 0,928 - 0,25 - 4 7-8 8-9 2-4 a-6 
Cellular-PE 0,935 38-<3 0.3 10-11 16-18 2-3 3-4 
IColl < Solidl-PE 0,926 50-58 0,3/0,1 -5 -8 -9 -2-3 3-4 

The  influence  of  storage  for 7 Jays  at 
7o     C on the mechanical and chemical prop- 
erties was measured to determine whether 
the insulation still complied with  the reg- 
ulations of VDE o2o9 and of the Bundes- 
post 6, 
The minimum values  for tensile  strength, 
elongation at rupture,  resistance  to aging 
after 1o days at 1oo    C, wrap-test,   etc. 
were met both before  storage of the  PJ 
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fi-lleil  c:iijle;   and after ntornge  for 7 dayfi 
at;  7o    C in  the   thermal,  chamler. 
Elongation at  rupture  of  the  -rife   insula- 
tion was  still  better  than  ^oo % for  solid 
i'E  even after   the petrolatum-filled   cable 
had  been conditioned   for  ?  weekr  at  7°    C. 
Accordingly,   these  cnblen   still   comply 
with the regulations  regarding mechanical 
and   chemical  properties. 

3  m   long  section;-, were   cut   from  various 
filled cable  lengths, with   solid  PE insulation 
for tenting of  longitudinal water  tightness 
(1  ra water column  over 7  davs>)   following 
 1; ..;„„4„,.  -  "   'iyr  at;  7o 0n     'm~- conditioning ovei The 
samp i eck. et were waterpr« 

''odification of autaal canacitance   in  the 
cable " " ' "" 
^during and  after one week   storage  of the 
filled  cable  at  7o 0C). 

The processes which   take  place during  the 
first week of  storage of the  filled  cables 
at  7o    C appeared interesting with respect 
to  the variation of mutual   capacitance, 
which was recorded  during  the heating-    «es'iO' 
and measured at  7o     C and   then aftef    ' i 
days when cooled  to   room  temporal;,ire , 

The  following  table   shows   the variation in 
the mutual  capacitance  of  6 cables,   (all 
1oo x ? x o,6j  which were   filled  with 
various  PJ types,   P   to  U.   An unfilled  cable 
of the  same  design was measured   for compar- 
ison purposes. 

0,2- 
AcJnF/km] 

0- unfilled reference  ca ble 

0,2- 

0,4- 

0,6- 

0.8- 

1,0- NO^L — 
//^           R.U 

1.2- v!?^^ y 
1 4- 7n*r 

1 1 
—RT— 
i 1  —i 1 1  

8 days 

F,q5 
Variation of capacitance of sottd-PE indifferent 
types of PJ(P-U) conditioning at 70*C ana 
cooling to RT 

The initial value for mu 
the PJ filled solid PE c 
43 nFAtn, that of the un 
approx. 36 nF/km. 
Whereas the mutual capac 
ence cable remained prac 
at 7° C, it descreased 
filled cables. In genera 
tance exhibited  its  grea 
- 1.1 to - 1.4 nFAm aft 
at 7o C, and then remai 
the 7th day. 
After cooling to room te 
capacity increased again 
overall  deviations  were 
- o.6 to -  1.0  nFAm as- 
initial values. 

tual capacitance of 
ablec was  approx. 
filled  cables 

itance  of  the refer- 
tically unchanged 
in the case of the 
1  mutual  capaci- 
test difference of 
er approx.   3-5 days 
ned  constant up to 

mperature,  the 
,   and   the   final 
in  the  range  of 
compared  with the 

The next diagram  shows  the  coinnarison bet- 
ween the insulation  types  solid;   PE,  cel- 
lular  PE,  and   solid/cellular PE. 

1.2- 
AcB[nF/km]  

f"          Lellular.soiirl) -PE ') 
0,P- ll ||      .___  filled 

o      -o — 
0.A- 1 .;      --U-- unfilled 

|l      -o-                                 | 
o 

0 - k , 1 i ^ 

— O Q o---- ^Jj----" --- 

x- 
-0.6- xx 
-0,6- 

\^  1 C«llu ar   PE 

\ ^                 solid PE 

/ (cellular.solid)-PE. 

- 1.2- J            DT     _ 
i      i     t     i      i     t     i 
0    1     2    3    6    5    6 7    6   days 

Variation of capacitance in filled cobles 1 
Ourinq -onditioninq at ?0*E and cooling toRT j 

Tiie  initial  values   for mutual  capacitance 
of  the   filled  cable were approx.  43 nF/km 
for  solid  PE and   for cellular PE,  4o  nFAm 
for cellular/solid   PE,  and about  56 nF/kn 
for the üßÄÜSÖ  reference cables and 
54 nFAm  for  solid/cellular PE. 

During the  thermal  treatment period  of 
7 days  at  7o     C the mutual  capacitance  of 
the PJ filled cables fell by approx. 
- o.6 nFAm  for cellular VE (in approx. 
5 days),   and by about - 1.? nF/krc  for  the 
solid  PE  (in approx. 4-5 days), while the 
reference  cables  remained virtually un- 
changed.  In contrast,  the difference  in the 
mutual capacitance  of the cables, insulated 
with  cellular/solid  PE increased  to 
+ 1.1  nFAm at 7o     C within one  day,   due  to 
the  low thermal  inertia of the   lo-pairs 
cable;   this  applies  to both the   filled  and 
unfilled  cable. 

After  cooling to  room temperature,  the 
mutual  capacitance  of the unfilled  cables 
with all  three  types of insualtion is vir- 
tually unchanged   as compared with the  ini- 
tial value. 
In the  case  of filled cables the difference 
is -   o.6 nFAm for  cellular PE and -  o.8 nF/ 
km fo:? cellular/solid PE.  This  is approxi- 
mately the  same value as for the  solid  PE 
insulation used  as a comparison   (- o.8 nFAm) 
The reduction in mutual capacitance  is thus 
approx.   1.5 to  2.5 %- 

The following diagram shows the variation 
of difference?in mutual capacitance after 
7 and 21 or 28 days of thermal treatment, 
after cooling to  room temperature. 
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icJnF/km] 
0,2- 

0 - 

-0,2- 

-0,4- 

-0,6- J 
-0,8- 

L -' 

-1,0- _J 
1            3 1                  4 i           4      weeks     { 

solid-PE tHlular-PE (cpllulor. solid)-PE                       i 

Vanotion o( mutual capacitance Ac, .n PJ tilled 

caDlfS altei conditioning at 70'C 

0,2- 
AcB[nF/km] 

o- 

-0.2- 

v_ 
-0,A- 

time [months] 

10             20           30           40 

Fiq b 
Variation of mutual capacilanc» ÄF. in PJ 
tilled cables with solid-PE-msulolion 
buried in an experimental field 

At 7o    C,   the  curve  of mutual  capacitance 
for cellular  PE increased  again  in the 
second and  following weeks,  but  was  s';ill 
in the minus range after 4 weeks.   The 
process has not  yet  terminated,   however, 
and  storage at 7o    C is being continued. 
After 4 weeks the reduction in the mutual 
capacitance  for  cellular PE  (measured at 
room temperature) was - 0.3 nF/km   (i.e.  an 
increase of 0.3 nF/km compared with the 
end of the first week). 
In the case of  "foam  skin",  mutual  capaci- 
tance fell between the  first and   fourth 
week from -  o.8 to -  1.o nF/km-   The trend 
is  still under observation. 
Solid PE shows virtually no change. 
The long-term trends  for the  3  types of 
insulation in filled  cables are   still under 
examination. 

If the  resultr.!  of   laboratory  conditioning in 
the thermal  chamber  are compared with the 
practical  results,   it  is obvious  that burial 
with a  mean  change   of 0.?5 rFAi"  in  ?  1/? 
years has  resulted   in approx.   one   third   of 
the  equilibrium value  in the   thermal  chamber. 

Variation in  capacitance unbalances 

This can be  measured   only on the  cable.   The 
capacitance   unbalances  change  in  filled 
cables  after  a  storage  of 7 days  at  7o     G 
as  compared   to the  initial values,   as  shown 
in the   following diagrams   (the  cumulative 
frequencies  of the   differences,   compared  with 
the starting values,   are shown without 
taking  the   sign  into  account,   i.e.  whether 
it was  an  increase   or  decrease). 

If the results of capacitance measurements 
on single PE insulated  conductors which 
were stored in a  surplus of PJ are  compared 
with the changes in mutual  capacitance in 
the cable,  the different  definitions and 
methods in measuring the capacity in a 
water bath and  the mutual  capacity between 
two conductors of a cable have  to be taken 
into account.   In addition,  the   limited 
amount of PJ in the  cable and  the  relatively 
unlimited amount  of PJ when storing single 
wires in e  surplus of PJ must also be 
taken into account. 
By and large, these investigations confirm 
the previously recorded results (on single 
wires) but were necessary in order to pro- 
vide a basis for studying the processes 
which can lead to a change in capacity un- 
balances. 

Correlation of the measured results of the 
mutual capacitance with practical  results- 

Cables with soli 
ings have been 
an experimental 
ground temperatu 
"■apacitanceshave 
intervals. 
The following di 
(obtained  from w 
from different  c 
trend: 

d PE insulation and PJ fill- 
buried   for  3  1/2 years in 
field  in  Germany   (average 
re +  12    C).  The  mutual 
been measured  at  regular 

agram  shows the mean values 
idely  scattered  results 
ables)and  indicates this 

[pF/IOOOm] 

300 

200 

100 

0- 

Q maximum values of Ak^lij.k^ 

| average values of   bk,M,M% 

A« 1.2,3   1,2,3    1,2,3    1,2,3   1,2,3   1,2,3    1.2,3 

Fig 9 
Variation of capacitance unbalance Alt4,ka.ka 
of cables filled with PJ (Type P-U) after 

conditioning 7day» at 70'C 

The diagram     shows  the mean  (black)  and 
maximum   (shaded)  variations in capacitance 
unbalances A K1,   AK2,  and AK3 of cables 
with  solid   PE insulation  (all  conductors 
ringmarked)   (loo x  2 x 0.6) which were 
filled with 6 different types of petrolatum 
(P,  Q,   R,   S,   T,   U).   These variations are 
taken from  cumulative  frequency curves. 
Whereas <3kK1   changes   on an average  by  less 
than 2o  pF/1ooo m,   the average  A KP and A K5 
vary by up  to  5°  or   1oo pF/1ooo m,   and   the 
maxima up  to   35o  pF/1ooo m. 
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In the case of an unfil 
also conditioned for 7 
reference purposes K1, 
scarcely any change, i. 
5 - 1o pF/looo m with a 
looo m. The influence o 
the changes in capacity 
and particularly AK2 a 
inconsiderable • 
No basic differences re 
types  employed. 

led cable which was 
days at 7o    C  for 
K2, and K3 show 
e.  an average  by 

maximum of  3o pF/ 
f the PJ filling on 
unbalances AK1, 

nd AK3,  is not 

suit from the 6 PJ 

k typical cumulative  frequency curve  con- 
cerning the change A K2 and A K5  of capa- 
city unbalances due to storage at 7o    C 
is shown in Fig-  1o. 

98.uO 

84. IÜ 

(Ak2) (Ak3) 

(Ak3) 

(&k2) 

Fig. 10 
Cumulative Frequencies of 
differences in capacitance 

unbalance, caused by condit oning 
5039E     i 

In Fig 9 and 1o,   it will be noted  that 
A K2 and AKJ are  larger than AK1,   and 
that K3 capacitance unbalances change more 
than the K2 capacitance unbalances. 

It  thus  seemed logical to  examine more 
closely the differences in the cable which 
cause these results,in which connection 
ringmarking is particularly interesting. 

In order to determine the effect of the 
insulation structure,  the  capacitance un- 
balances    K1,    K2,   and    K3 of cables with 
solid,  cellular,  and cellular/solid PE 
insulation, both with and without  PJ fill- 
ing and with  (solid,  cellular PE)  and with- 
out   (solid PE and  cellular/solid  PE)  ring- 
marking were measured before and  after 
storage for one week at 700G. 

The results are shown in the next diagram; 
a solid PE cable is included for comparison 

All insulations with one PJ type. 
In this case  the maximum values of AK1,AK2, 
andAK3 are not shaded. 

[pRlOOOm]   - 

300- 

200 

Q  maximum valuM of Al^.li,,!», 

I average values of   &!<,>,>, 

ad rmgmarked no nngmarliing 

Fig 11 
Variation of capacitance unbalance A^.k-.k, 
of cables filled with PJ (Type P) with and 
without ringmarking. after 7day5 at 70*C 

The capacitance unbalances of solid PE and 
cellular PE conductors (both with ringmarking) 
change in the unfilled state by an average 
of less than 10 pF/1000 m and a maximum of 
30 pF/1000 m, i.e. within acceptable limits. 
In the case of cellular PE with filling, the 
capacitance unbalances change on an average 
in a similar way to solid PE, and maximum 
values are slightly lower. 
But as can be assumed "rom the values in 
Fig. 9, no effect is apparent without ring- 
marking: 
The cable with solid/cellular PE (unmarked) 
shows virtually no change in the filled or 
unfilled state; AKI, AK2,AK3 have a maximum 
of 5 pF/1000 m. 

In a solid PE cable which was deliberately 
produced without ringmarking of the wires 
very low changes were measured, namelyAK1=2, 
AK1 max. = 4 pF/1000 m, and average values 
of AK2 and AK5 about 4 pF/1000 m with maximum 
values of 20 pF/1C00 m, i.e. practically no 
cnange (cable filled with PJ). 

This means that bhe different variations in 
the capacitance unbalances of PJ filled 
cables are less connected with the struc- 
ture of the insulation itself than with the 
ringmarking. 
This effect calls for an explanation: the 
desing of a star-quad and the side capacities 
must be examined. 
Ringmarking paint covers 0 (unmarked), 12, 
12 and 24-% of the surface of the 4 conductors 
of a star-quad. The changes affecting cross- 
talk have to be governed by this. 
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Fig 12 

The side capacities were numbered C 1/3, 
C 1/4, C 2/5, C 2/4, and the change shown 
in a bar chart. 
The diagram shows a typical example of the 
changes in a star-quad (basic colour white). 
As indicated by the diagram this situation 
shows that changes in the side capacities 
are correlated with the differences of the 
conductor surface covered by ringmarking 
(0-24%). 
The largest variation in the side capacities 
always occurs between the unmarked wires and 
the wires with the largest amount of marking 
(24% coverage), and the lowest change 
(practically 0) between the two wires, which 
are marked with 12% coverage (these wires 
differ only in the spacing of the rings). 
The absolute values of the side capacity 
changes are higher in the case of certain 
insulation colours, demonstrating that the 
colour of the insulation exerts an influence. 
However, the tendency is the same. The 
influence of the colour of the bundle is 
still being examined. 
With unfilled cables, practically no 
differences were meanured in the side 
cipacities. These measurements also indicate 
the pronounced influence of the ringmarking 
on side capacities (see also Hg. 4b). 

As already indicated, the ringmarking paint 
used is a "PJ resistant" type used by 
several cable manufacturers because of its 
resistance to wiping. Its tan« is limited by 
specification. 

The strong influence of the ringmarking 
paint can be traced to mutual interaction 
with the petrolatum. Components with higher 
dielectric constants (e.g. plasticizing 
components, solvent residues, and other 
extractable substances) are extracted by PJ, 
or migrate into the PJ. and are partially 
replaced by components of the PJ (dielectric 

constant ='2.5). 
The resulting changes in the dielectric 
constant of the ringmarking paint can lead 
to unbalance of the capacitances due to 
varying quantity of paint on the conductorr. 
of a star-quad. 
Two effects should be distinguished in the 
variations of the capacities, capacitance 
unbalances and side capacities: 

- surface effects, which particularly concern 
the ringmarking and take place relatively 
quickly, and 

- volume effects, which concern the irr/ulat- 
ion and require longer diffusion times due 
to the larger layer thickness. 

CONCLUSIONS 

The average service life of telephone cables 
is 50-40 years, and their mechanical and 
electrical properties, must be sufficiently 
stable over this period. This is the only 
way to meet the requirements for such cables. 

While the mechanical and capacitive changes 
in PE cables with PJ fillings have been dealt 
with in other publications, this report 
discusses details of the crosstalk instabil- 
ity of PJ filled plastic insulated cables. 
The reason is the interaction of the 
petrolatum with the insulation and the ring- 
marking, which causes side capacity unbalance. 
The resulting changes in capacitance unbal- 
ance during the service life of the cable 
remain within acceptable limits if the cable 
is used for house connections at the end of 
networks for voice frequency operation. 
However, if PJ cable is to be used f;or higher 
levels on the network, where the stability 
of the capacitance unbalances is important, 
then conventional FJ cables .should not be 
used. Other methods should be given 
preference. 

For such applications, the following measures 
should be taken: 

- the colour-coding system should be 
modified by: 
o quantitative matching of the paint 
marking of the conductors 

o selection of d'electrically more neutral 
ringmarking paints which are less 
sensitive to FJ but are still resistant 
to wiping, and easily to identify. 

- improved selection of the material 
components and the technological parameters 
to obtain better stability of the 
capacitance unbalances 

- replacement of ringmarking by other marking 
systems 

- other technological methods 

All in all, unlimited employment of longitu- 
dinally sealed PE cables with PJ filling for 
gener.'.l purposes, i.e. for all distances and 
frequents, would at present appear only to 
be a possibility for coming years. 
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EVALUATION OF ADHESIVE AND COHESIVE CHARACTERISTICS 

OF PETROLATUM BASED FLOODING COMPOUNDS 

J. J. Kaufman, T,  E. Lulal 

Wltco Chemical Corporation 

New York, New York 

Summary 

Laboratory procedures are used to evaluate flooding 
compounds that have recently come into use    in filled 
telephone cable.    Properties including adhesion and 
cohesion and corrosion resistance are examined. 

Introduction 

For the purpose of this discussion, we differentiate, 
on an application basis ^ what we mean between a flood- 
ing compound and a filling compound.    The filling 
compound is the material used to fill the core of the 
cable.    The flooding compound is applied at all in- 
terfaces beyond the core wrap,  for example;    between 
the core wrap and the shield,  shield and Jacket. 
A flooding compound night also be used between the 
core and the core wrap.    The principal function of the 
flooding compound is to provide a watertight flexible 
seal between the interfaces.    A secondary function of 
the flooding compound is as an adhesive between 
shield and Jacket to inhibit slippage of the Jacket 
over the shield when the cable is being pulled.    De- 
sirably,  it should also provide corrosion protection 
to the shield. 

Asphal tic tyt)e flooding compounds have been used for 
flooding between the shield and Jacket and,  initially, 
these compounds have excellent adhesive properties. 
They soon become brittle and are subject to "crazing" 
or cracking, resulting in moisture penetration be- 
tween the shield and Jacket and corrosion of the 
shield material.    With the advent of the waterproof 
filled cable, the PE/PJ filling compound was often 
used both as a filling compound and flooding compound. 
While the PE/PJ compound performed reasonably well as 
a flooding compound,  it was observed that in the 
Moisture Penetration Test  (1)  failure occurred most 
often at one of the interfaces.    Also,  there is some 
opinion that the PE/PJ compound could act more as a 
lubricant than as an adhesive between the Jacket and 
shield during a difficult cable pull.    To improve on 
flooding compound performance,  several new flooding 
compounds have been introduced which are based on a 
cable filler type petrolatum and an amorphous polymer. 

The amorphous polymers increase the cohesive character 
and viscosity of the flooding compounds.    To be effec- 
tive a flooding compound should retain these charac- 
teristics,  as well as the characteristic of adhesion, 
over the entire temperature range the cable may ex- 
perience during installation (-A0oF  r-40oC]   to +120oF 
[490C] ).    The chare:t?rlstics of adhesion and cohesion 
must also be balanced since a failure in either mode 
can result in the development of water paths or sheath 
slippage. 

Let us now define adhesion and cohesion. 

Cohesion is the molecular force exerted across a 
liquid or a solid that resists internal  rupture  (2). 

Adhesion is the molecular force exerted across a sur- 
face of contact between unlike liquids or solids  that 

resists interfacial separation. 

With these definitions it will be easy to determine 
if the bonding failure of a flooding compound is co- 
hesive or adhesive.    In the case of the former, 
flooding compound will remain on both the shield and 
Jacket surfaces.    In the latter case, one of the sur- 
faces will be free of flooding compound with all of 
the compound on the second surface or possibly the 
compound will delaminate from both surfaces. 

In our evaluations,  the stress on the test specimens 
is the same kind of stress Imposed on the flooding 
compound between the shield and Jacket as in the case 
of the REA Sheath Slip Strength Test (3). 

Testing Procedure 

In order to arrive at data which would give a relative 
ranking to the samples tested,  it was necessary to 
keep the sample preparation and testing as simple and 
uniform as possible.    In the cable itself, probably 
the most significant factor in controlling sheath 
slip is the degree of fill of the shield corrugations 
by the Jacketing compound.    This variable had to be 
ignored for the purposes of our testing.    We used 
samples of low density 75 mil  (1.91 on) polyethylene 
(4) Jacketing material and uncoated 10 mil  (0.254 mm) 
aluminum shielding which were cut into 2.54 x 6.35 cm 
(1 x 2.5 inch) rectangular tabs, and coated by 
dipping into the molten test compound at 1210C 
(2500F)  except for Compound II which, due to its high 
viscosity, was coated at 150oC (302oF).    The tabs, on 
removal  from the compound, were Imnediately placed 
together to form a 6.45 en*  (1  inch^) overlap.    A 120 
gm weight was placed on the seal which was then cooled 
to ambient temperature.    The specimens were then placed 
in a Sentinel heat sealer (5) which is a test device 
used primarily for laminating substrates.    With it, 
bonding time,  temperature and pressure can be accu- 
rately controlled.    A pressure of 4.54 kilograms 
(10 lbs.) was applied for a period of three seconds 
at a temperature of 250C (770F) and 50% R.H.    These 
conditions were established as optimum. 

The yield point of the bond between the two tabs was 
determined by the use of a KVP  (6)  tensile tester 
utilizing a Chatillon (7)  strain gauge.    The KVP test- 
er utilizes a constant speed motor driving a chain 
belt, via a gear box,  at a speed of 12.5 cm/min 
(5 inches/min).    One tab of the test specimen was 
fastened to the chain belt and the other to the Chat- 
illon strain gauge which registers the maxiinum force 
being applied.    The force was applied parallel to the 
plane of the contact surface of the tabs. 

During the course of testing,  it was determined that 
bond strength is not only affected by initial bomding 
pressure, but also by subsequent aging of the bond. 
This is illustrated in Table 1.    Accordingly, all 
specimens were conditioned for 18 hours, and tested, 
in an environment maintained at 250C (770F)  and 50% 
R.H. 
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A« a matter of practicality, It was decided that a 
■hear force of 400 grama per square centimeter (equiv- 
alent to a pulling force of 17 lbs. per Inch of 
cable on one-Inch diameter cable) would constitute an 
upper limit for testing. 

Compound Selection 

Table 2 Illustrates the effect of Increasing the level 
of atactlc polypropylene on the physical properties. 
Because of the almost completely amorphous nature of 
this particular polypropylene there Is little effect 
on the congealing point of the compound. On the other 
hand, the drop point, hardness (lower consistency), 
viscosity and yleid point show a progressive Increase 
with maxlraum change occurring at the 15-20% level. A 
flooding compound containing 20% AFP Is currently be- 
ing used In telephone cable. Since this concentration 
of AFP coincides with what appears, from the data In 
Table 2, to be an optimum level, It was decided to 
evaluate all of the petrolatum-APP blends at the same 
AFP concentration. 

For our evaluation we selected eight compounds which 
are Identified as follows: 

I. A typical FE/PJ compound, that has been used 
for both filling and flooding, selected as the 
control. 

II. 100% AFP. 

III-VI. Flooding compounds consisting of petrolatum 
plus different grades of AFP at the same con- 
centration. 

VII. A flooding compound consisting of petrolatum 
plus an elastomer. 

VIII. A new experimental filling compound which has 
promise of also functioning satisfactorily as 
a flooding compound. 

The physical properties of these compounds are listed 
In Table 3. 

Evaluation Results 

Examination of the specimens after testing, at 2S0C 
(770F),  indicated that all of the failures were due to 
cohesive failure and not adhesive failure.    This was 
to be expected, at ambient temperature,  based on prior 
experience.    The data are presented in Table 4, 

If adhesive failure were to occur,  it would occur at 
temperatures considerably below ambient.    Accordingly, 
the KVP tester was placed in a cold box and the test- 
ing was repeated at -290C (-20oF).    With the exception 
of Compound II all of the samples exceeded the limits 
of the strain gauge, indicating excellent adhesive and 
cohesive properties at low temperature.    In the case 
of Compound  II  (the 100% AFP) we experienced an adhe- 
sive failure when the sample was being prepared for 
testing.    The specimen had delamlnated at the alumi- 
num surface. 

In view of the REA "Cable Bend Test"  (I)  at -40oC 
(-40oF) we subjected the test tabs to a temperature of 
-44.S0C (-50oF).    Due to equipment limitations,  the 
specimens were evaluated more subjectively.    Again, 
the only tabs to show adhesive failure were those pre- 
pared with Compound II.   Additionally, all specimens 
were flexed  to form an angle of approximately 135°. 
No sign of bond weakening was observed with the excep- 
tion of Compound II,    In the case of Compound II there 
was adhesive failure at the aluminum surface without 

any stress being applied.    With all of the AFP on the 
polyethylene surface,  the polyethylene tab was flexed 
and the AFP, which was below Its glass transition 
temperature,  shattered. 

As might be expected.  Compound II,  the 100% AFP,  ex- 
hibited adhesive and cohr. ive properties superior to 
the 20% AFP compounds  (III-VI) at 770F.    Poor ad- 
hesion and hardness approaching embrittlenent at lower 
temperatures,  raise questions regarding its suitabil- 
ity as a flooding compound. 

Compound VI was evaluated since it had been under con- 
sideration as a comnerclal  flooding compound and ap- 
peared superior to the other 20% AFP compounds.    The 
atactlc  polypropylene in this compound, however, is 
apparently contaminated by crystalline polypropylene 
which is Indicated by its high congealing point (Table 
3),    Due to this contamination,  it has a tendency to 
develop a gel_ structure even at elevated temperature 
(1380C [280oFj).    We would expect that a flooding com- 
pound based on this material would be much more dif- 
ficult to handle in plant production than the other 
compounds tested. 

Compound VII, containing an elastomer at a much lower 
additive level, outperforms Compounds III-VI on a 
cost/performance basis in terms of cohesiveness.    Be- 
cause of its high viscosity, however,  it may have to 
be handled at a somewhat higher temperature than the 
AFP compounds. 

Compound VIII  is an exceptionally promising experimen- 
tal filling compound whose properties as a flooding 
compound place it in the mid-range of the 207. AFP com- 
pounds, making it a potential  flooding compound as 
well.    This material would have the advantage of of- 
fering the cable manufacturer one product for both ap- 
plications, obviating the necessity of dual systems 
and dual inventories. 

Based upon the yield point data,  all of the specimens 
evaluated will exceed the requirements of the REA 
"Sheath Slip Strength Test"   (3). 

Corrosion Inhibition 

It was not our original Intention to include in this 
paper the performance of flooding compounds as corro- 
sion inhibitors.    However,  since corrosion inhibition 
would be an obvious asset to any flooding compound,  it 
was decided to evaluate their performance in this re- 
gard.    Buried cable is subjected to ground water which 
usually contains dissolved salts and is further sub- 
jected to electro-magnetic  fields.    Thus the mode of 
corrosion is essentially galvanic.    Accordingly,  for 
our corrosion evaluations, we used a salt fog chamber 
in which minute droplets of water containing 5% sodium 
chloride are maintained in suspension in the fog cham- 
ber.    Cold rolled steel Q panels  (8) were coated with 
the test compounds to a thickness of 0.S mil 
(0,0125 millimeters)  and 1,0 mil  (0.025 millimeters) 
and placed in the salt fog chamber.    Compound A wae a 
petrolatum containing amorphous polypropylene.    We 
believe its resistance to corrosion would be represen- 
tative of the flooding compounds I through VIII,    Com- 
pounds B and C are modifications of Compound A, con- 
taining an oil soluble, barrier-type corrosion inhib- 
itor at additive levels of 5% and 10% respectively. 
Each com. lund was run in triplicate.    The criteria for 
minimum failure is  the development of three rust 
spots of any size or one spot of more than one milli- 
meter in diameter. 

The data developed to date appears in Table 5, 
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1 
The salt fog teat Is > particularly severe cortoslon 
test and we cannot at this tine draw any conclusions 
as to the extrapolation of this data to the field.    Un- 
doubtedly, Compounds B and C represent a distinct In- 
provement compared to Compound A, but further cost/ 
effectiveness evaluations of the use of corrosion in- 
hibitors in flooding compounds will have to be conduc- 
ted before drawing any conclusions concerning the 
practicality of adding corrosion Inhibitors to the 
flooding compounds. 

Conclusion 

The flooding compounds evaluated appear to have all of 
the requisite properties to satisfy the current   re- 
quirements of REA with regard to Jacket slip and water 
blockage, with the exception of Compound II, the 100% 
APP.    We can conclude that pttrolatum performs a 
critical role in the flooding compounds as an active 
vehicle, particularly at lower temperatures. 

The selection of a specific compound by the cable 
manufacturer would be based on cost/performance and 
plant processing considerations. 

(Speaker) 
Thomas E. Lulsi 
Hitco Chemical Corporation 
277 Park Avenue 
New York, New York      10017 

Tom Luisi is Product Manager for Telephone Cable 
Products and Market Development Manager for the 
Sonneborn Division of Witco Chemical Corp.    A grad- 
uate of the City College of New York,  with a B.S. 
Degree, he has been with Witco for 19 years in 
various technical marketing functions. 

Further work needs to be done concerning the economic 
practicality of  improving the corrosion inhibition 
properties of flooding compounds. 

Acknowledgement 

The authors are grateful for the assistance of their 
colleagues, Messrs. J, D. Burkhard, D. G. Palmgren, 
T. J.  Roesslng,  In developing the data for this paper. 

References 

1. REA Specification P. E.    39, eff. 5/1/73. 

2. "Physical  Chemistry of Adhesion,"  D.  H.  Kaeltle, 
J.  Wiley & Sons, N. Y.,  1971. 

:-,     REA Specification P.  E.  39,  draft of Appendix B, 
"Simulated  Environmental Tests  for Filled Tele- 
phone Wires and Cables." 

4. Union Carbide, DFDA 0588 Black 9865. 

5. Sentinel Heat Sealer, Model 12AS, Packaging In- 
dustries Inc., Montclair, N. J, 

(Co-author) 
J, J. Kaufman 
Witco Chemical Corporation 
Petrolia, Pa. 16050 

John Kaufman  is Director of R&D  for Wax and Related 
Products for the Sonneborn Division of Witco Chemi- 
cal.    He graduated  from the University of Pittsburgh 
with a B.S.  in chemistry.    John is a member of the 
Joint Comnittee on Wax Testing sponsored by ASTM and 
TAPPI. 

6. KVP Tensile Tester, Model K-70-1,  KVP Div.,  Brown 
Paper Co.,  Kalamazoo, Mich. 

7. Chatillon Strain Gauge, Model DPP 2.5 Kg, John 
Chatillon & Sons Inc., Kew Gardens, N.  Y. 

8. Stock # R36, Q Panel Corp., Cleveland, Ohio. 

376 

  ^UWUHiMHi ...:...„■ ■.■,J...;: ...,■■..■ ^.;„  ■ «t--.^..:..    ■,.:..:.     ..■..■ iiifclllMgMirt^^   aJ-';<*a'w''*Li*''*1*'>°'iw**te"^'LW''''''''''rf* 



, 

mm 

TABLE  1 

Effect of AKln« Upon Yield Point* 

Conditioning Tine, Hn.: 
(770F,; 50Z R.H.) 18 90 186 

Bond Strength, g/cn2 242 293 334 

Strength Range, g/cnr 228-260 268-320 313-360 

* Data obtained with a comaerclal  flooding compound of 
petrolatum and Al??. 

TABLE 2 

Effect of Atactic Polypropylene Upon Physical Properties 

80 
20 

Composition. Wt.    7. 
Baae Petrolatum 
Atactic Polypropylene 

100 
0 

95 
5 

90 
10 

85 
15 

75 
25 

Meltlns Point 
Congealing, ASTM D-938, 0F. 
Drop Point,  IP 31/66, 0F. 

119 
126 

130 
126 

126 
133 

130 
145 

134 
165 

126 
172 

Cone Penetration 
Petrolatum, ASTM D-937 

770F.   (250C)I 0.1 mm 
128 126 125 126 HI 110 

Viscosity 
Kinematic, ASTM D-44S 

SUS & 210oF.   (990C) 
SUS & 2660F.   (130oC) 
SUS @ 302oF.   (150oC) 

82 
53 
46 

154 
82 
65 

287 
136 

77 

511 
226 
156 

1213 
371 
246 

1429 
574 
386 

Average Yield Point 
gTcm2 35 76 86 112 150 166 

Yield Point Range 
g/cm2 34-37     67-82 78-91    114-133   138-155   158-171 
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TABLE 3 

Phyilc«! Properties of Flooding ConpountU 

Melting Point 
Congealing, ASTM D-938, 0F. 
Drop Point, IP 31/66, 0F. 

Cone Penetration 
Petrolatum, ASTM D-937 

770F, (250C.), 0.1 ran 

Vltcoaltv 
Kinematic, ASTM D-445 

SUS @  210oF, (990C.) 
SUS (? 2660F. {130oC.) 
SUS @ 302oF. (150oC.) 

Penalty 
Viscous Liquids, ASTM D-1480 mod.** 

770F. (250C.) 
122°?, 
1580F. 

(50oC.) 
(70^.) 

Coefficient of Expansion 
Thermal Exp. ASTM D-1903 

Solid/Solid Transition 
N x lO"3 cc/g/0C. 

25 
50 

50oC. 
70oC. 

Volume Change (70oC 
Volume X 

250C) 

11 III IV VI 

60 29 109 103 111 93 

VII 

66 

Note: 
*Cloudy 

**Convection Oven; aluminum, 11 ml Pyncnometer 
***&  73.40F. (230C.) 

VIII 

183 NA 119 125 134 192 140 128 
207 >250 142 129 165 219 131 192 

106 

154* NA 256* 857* 1213 NA NA 910 
76 1929 113 562 371 348 4116 417 
* 1187 82 237 246 247 2496 286 

.8728 .8630*** 3667 ,8779 .3708 .8933 .8741 .9044 

.8479 .8383 JB409 .8448 .8436 .8647 .8451 .8738 

.8350 .8276 .8280 .8301 .8306 .8506 .8325 .8605 

78 71 84 92 86 92 98 100 
21 12 25 35 26 30 22 24 

4.33 4.10 4.46 4.85 4.61 4.78 4.76 4.8 

TABLE 4 

Comparative Yield Points of Flooding Compounds at 770F. 

I  II_ 111 IV_ V_ VI_ 

154 >-400 85 127 143 177 

VII 

265 

VIII 

117 
Average Yield Point 

g/cm2 

Yield Point Range 
g/cm2 140-167  >400 77-90 116-134      136-152      160-188      256-272      108-128 

TABLE 5 

Salt Fog Evaluation of Flooding Compounds 

Compound A 
(no corrosion 
Inhibitor) 

B 
(5% corrosion 
inhibitor) 

C 
(107. corrosion 
inhibitor) 

0.5 mil panels 24 hrs* 72 hrs 72 hrs 

1.0 mil panels 120 hrs 264 hrs** 456 + hrs*** 

* severe failure 
** 2 of 3 panels failed 

*** 2 of 3 panels still running 
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THE PROPERTIES OF CELLULAR POLYETHYLENE INSULATED FILLED COMMUNICATION 
CABLE AND ITS INCREASING USE 

S. M. Beach, K. R. Bullock, D. F. Cretney 

Phillips Cables United 

Brockville, Canada 

Summary 

Temperature conditions prevailing in Canada have 
been considered in detail and their effect on the per- 
formance of cellular Insulated fully-filled cables 
discussed.    A quantitative assessment of changes likely 
to occur in the lifetime of these cables hau been made 
on the basis of long term laboratory tests.    The 
satisfactory field experience to date has been reviewed. 

Introduction 

In Canada,  telephone cable development in the 
late sixties resulted in a trend away from air core 
polyethylene Insulated cables to the use of filled 
cables first with solid polyethylene, and then 
cellular polyethylene Insulation applied by single 
extrusion or by dual extrusion with ». separately 
extruded solid layer. 

The Introduction of solid filled polyethylene 
insulated cables was instigated by Canadian telephone 
operating companies looking for more reliability due 
to experience of water Ingress problems.    In 1968 no 
suitable cellular polyethylene or propylene materials 
or appropriate extrusion technology existed in Canada 
or the U.S.A.,  so filled cable production began in 
both countries with solid materials.    However, a few 
trial lengths were produced in Canada using British- 
made cellular polyethylenes^ and this led to increas- 
ing pressure from the operating companies for this 
more economical cable. 

It must be remembered that most direct burled 
cable being used In this period was of the PAP  (double 
sheathed air core)  type.     Thus the step from double 
Jacketed air core to single jacketed solid filled was 
an economic trade-off, while the next step to single 
jacketed cellular filled cable was an economic 
advantage for the user. 

The concept of filled telephone cable was 
proposed by G. A.  Dodd in the U.K. In 1963 and the 
first Installations were made in 1964 at Stevenage 
and 1965 at Plymouth, England, by the British Post 
Office.    By 1966 It had been accepted as a regular 
product in the British Post Office network.    It should 
be noted that the development of suitable cellular 
polyethylenes for extrusion in thin walls and the 
adoption of petroleum Jelly compound as the filling 
material occurred parallel with the developing design. 

So,  in 1968 when Alberta Government Telephones 
first proposed the use of filled cable in Canada, 
there was some background experience to draw on which 
influenced the initial stages of Canadian production 
quite noticeably. 

While the first solid polyethylene insulated 
cables were being installed and used in Alberta and 
B.C.,  the eventual trend to cellular Insulated was 
recognized.    For a year or two United Kingdom- 
manufactured cellular materials were used, but Union 

Carbide Canada produced the first Canadian-made com- 
pound successfully in 1971 and it quickly superceded 
imported materials. 

The filling compounds used are produced in Canada 
and were selected with regard to Canadian operating 
conditions. 

Construction and Manufacturing 

The construction and manufacturing of the 
cellular insulated fully-filled cable  (CelseaW 
produced by Phillips Cables Limited is similar to 
that of solid filled cable.    The principal area of 
difference lies in the control required over the 
insulation extrusion line.    Key features of the 
extrusion equipment have been described previously'. 
The practice described therein has proven to be 
reliable and remains in current use although Important 
detail improvements have been made.    The equipment 
produces medium density polyethylene Insulation with 
a fine,  uniform and non-interconnecting cell structure 
and a dense layer at the outer surface.     The structure 
of insulation is critical to cable performance. 
Cables with insulation not having the most significant 
of these features would not achieve the satisfactory 
standards of performance described in this paper. 

This equipment also produces excellent solid 
insulation and no special training is required for 
its operation.    In fact,  since 1973,  Phillips cables 
Limited has commissioned two new plants where the 
personnel have had no previous experience of cable 
manufacture. 

Fairing is accomplished by means of conventional 
^'iiiipment.     Standard North American colour coding and 
pair twists are employed.    For assembling the pairs 
into a cable an arrangement employing driven let-off 
stands with associated unit forming and  Identification 
devices, unit oscillating and filling equipment,  core 
wrap, overfill, shield application and Jacket 
extrusion all in a tandem configuration,  has proven 
successful for up to 50 pair cables. For assemblies 
up to 200 pairs a somewhat similar arrangement is 
used, with the exception of the tandem sheathing unit. 
Cables larger than 200 pairs are treated as special 
cases with the manufacturing technique dependent upon 
the plant Involved. 

The core wrap is a flat,  longitudinally applied, 
polyester tape having assured adequate overlap.    The 
cable shield Is a flat, double-coated aluminum    tape 
formed  longitudinally.    Applied overal]   Is a black 
low density polyethylene or medium density polyethylene 
Jacket chosen for good stress crack resistance, 
mechanical toughness and compatibility with the 
filling compound. 

®   Registered Trade Mark 
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Materlall» 

Insulation 

The cellular Insulation Is produced from a 
medium density,  fully compounded polyethylene specially 
designed for the application and having a nominal 
resin density of 0.935 g/cm3.    This material Is 
capable of producing a fine,  uniform cell structure. 
The bloving agent Is Included In sufficient quantity 
to produce the degree of expansion ret^ulred to meet 
the design criteria for the range of products 
produced.    The partial volume of air Is generally 25- 
3SZ In non-Interconnecting cells of 20 urn and less. 

Pigments are selected with regard to colour 
Intensity, non-interference with the blowing agent 
and final electrical properties.    An antloxldant and 
copper Inhibitor are also Incorporated Into the 
Insulant. 

Further details may be found In references 2 and 

Filling Compound 

The filling compound used has been an electrical 
grade petroleum Jelly Incorporating antloxldant and 
Intended for application by a high temperature filling 
technique.    The principal selection criteria applied 
when choosing the filling compound were: 

a) Retention of adequate physical properties over 
the required temperature range. 

b) Suitable dielectric properties, substantially 
unaffected by water. 

c) Compatibility with primary Insulant and jacket. 

d) Ease of manufacturing application. 

e) Acceptability to telephone company craftsmen. 

f) Cost and availability. 

Development filling compounds are becoming 
available, still based on petroleum jelly, but con- 
taining thixotropic additives.    These compounds 
display certain advantages at both low and elevated 
temperatures.    We are conducting an extensive, 
continuing investigation into this type of material 
and some of the relevant findings ar.- reported ir 
this paper. 

Temperature Requirements 

Definition of Circumstances 

In any discussion of the long-term testing of 
cables the question of temperature invariably arises. 
The interaction between filling compound and insula- 
tion is a temperature dependent function of time. 
Moreover, as the temperature Increases a change in 
the mechanism of Interaction occurs and it is 
inappropriate to carry out accelerated life tests 
above this temperature.     Life tests at an excessive 
temperature can be shown to put: materials in a wrong 
order of merit; adequate material can be rejected 
with consequent economic penalties, or even an 
inferior material may be selected with significant 
technical deficiencies.    An example of  this is refer- 
red to In Appeadix 3. 

It  ia obviously  important  to  Identify and define 
the various  environmental conditions  tc which  cable 
is exposed,  both before and after Installation. 
These are: 

a) Storage on reels 
b) Aerial cable 
c) Burled cable 
d) Pedestals 

Investigations of  long-term cable  stability must 
be based on  tests  incorporating times and  temperatures 
relevant  to the above  situations. 

Field Measurements 

In order  to ascertain  the maximum  temperatures 
reached  in cable cores a series of tests were  carried 
out  in Western Canada.     In these  tests maximum 
indicating thermometers  (0° - 100oC) wetc embedded  in 
the centre of  the cable cores.     The cable  sheath was 
then replaced and black tape used  to restore  the 
integrity of  the specimen.     In this way i^aximum 
temperatures were then measured on cables, 

(I) Buried 3 feet undergound 

(II) Lying on the ground 

(ill)  Suspended in air at a height of A feet 
above ground level 

(iv)  A full length on an unlagged reel. 

All locations were chosen to ensure jnaxlmum 
exposure to direct sunlight. 

The results recorded during the hottest part of 
summer 1975 (July - Aug ist) in a selected high 
temperature location are shown in Table 1. 

TABLE 1 

Maximum Cable Core Temperatures Recorded in Western 
Canada (Kamloops, B.C.) During a Period when 
 Maximum Air Temperature Reached 420C  

Location Maximum Core Temperature 
0C 

Buried (36") 19 

On Ground 62 

In Air 56 

* On Reel 1st Layer at 
a Vertical Position 59 

On Reel 1st Layer 30° 
from Vertical to West 63 

On Reel 2nd Layer at 
Vertical Position 

48 

* Axis of reel was N-S. 
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For comparison Table 2 presents the results 
obtained during January and February (hottest season) 
in Equatorial East Africa by an associated company. 

TABLE 3 

Description of Cables Tested 

TABLE 2 

Maximum Cable  Core Temperatures  Recorded  in 
Equatorial East Africa  (Kampala,  Uganda)  During 

a Period when Maximum Air Temperature Reached 43 C 

|     Location Maximum Core Temperature 0C 

1 Burled (18") 

On Ground 

In Air 

On Reel 

27 

60            | 

47           i 

62            j 

Although the maximum temperatures recorded in 
Western Canada and Africa were similar it is recog- 
nised that the extremes encountered in Africa may 
persist  for longer durations. 

It  is clear  from the results  in Tables  1 and 2 
that: 

(1) 

(ii) 

Buried cable  remains cool. 

A cable on the ground exposed to sun may 
reach a temperature some  20oC above air 
temperature   (but  this  situation is not of 
practical interest). 

(ill)    Maximum temperature of  an aerial cable may 
reach up to 150C above air temperature. 

(iv)       Parts of  the outermost  layer of a cable on 
an unlagged reel may reach a temperature 
20oC above the air temperature. 

The above data has been used In assessing the 
long term performance of cellular insulated filled 
cables in the  following sections. 

Long Term Laboratory Tests 

Long-term aging tests at  60oC have been carried 
out on cables of current design and others Incorpor- 
ating an experimental filling  compound.     The 
descriptions of the two cables of current design 
are given in Table 3. 

2 at 60oC. 

The cables were in the form of colls and were 
approximately 30 feet in length.    The coils were 
placed in a walk-in environmental cabinet 
The plane of  the coll was vertical and the ends of 
the cables,  in addition to having a neoprene cap 
placed over them, were pointing up to minimize 
compound leakage. ' 

Cable AWG Pairs 

Details of 
Cellular Insulation Aging     | 

Temp./Time   | Partial 
Volume 

of Cells 

Wall 
Thickness 
(Mils") 

1 

1c 

19 

19 

25 

25 

0.31 

0.31 

12.9 

12.9 

60oC/28 Months 

Room Temp.   1 

2 

2c 

24 

24 

25 

25 

0.32 

0.32 

8.1 

8.1 

60oC/12 Months 

Room Temp.   1 
1 
i 
j 

Nofes; 

(x)    "c" denotes the control sample kept at roco 
temperature for the same time period. 

(2) Both cables were of concentric construction 
with a 5 mil polyester wrap and a double coated 
aluminum    shield applied over the core.    A 
medium density polyethylene jacket was applied 
overall. 

(3) Both cables were filled with the currently used 
electrical grade of petroleum Jelly compound 
with a drop melting point (ASTM-D127)  of 90oC 
minimutn. 

These cables were periodically removed from the 
cabinet, allowed to cool to room temperature and 
their transmission properties measured.    Finally a 
part of each cable was subjected to a waterproofness 
test, and another part was dissected for examination 
of insulated singles.    Results from each of the 
cables were compared with the corresponding results 
obtained on a control specimen which in each case 
was the consecutive length of the same cable kept at 
room temperature. 

The properties Investigated were: 

a) Stability of transmission properties 

b) Structural stability of cellular polyethylene 

c) Waterproofness. 

Transmission Stability 

The results of measurements of transmission 
properties on cables are summarized In Table 4, and 
detailed results are given in Appendix 1. Measure- 
ments were accomplished by means of an Impedance 
bridge, null detector and oscillator. 
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TABLE 4 

Comparison of Transmission Properties of Cables 
 Kept at 60oC and at Room Temperature  

(average from measurements on 25 pairs) 

|        Property Cable 1 Cable 1c Cable 2 Cable 2c 

Measurements at 1 kHz W°q R.T. 1  W0c R.T.     ! 

Impedance Z0 (ohm) 410 403    1 1  725 717 

Angle of Impedance (rad x 10) - 7.50 - 7.50 - 7.70 - 7.70   j 

Phase Shift ß (radians/mile) 0.16 0.16  j |    0.27 0.27 

Attenuation a (dB/mlle) 1.3 1.3 |    2.,3 2.3    | 

Inductance L (mH/mlle) 1.02 1.03  j I          1.01 1.01   ! 

Capacitance C (nF/mlle) 83.6 83.7 !   81.4 82.7 

Resistance R (ohm/mile) 88 85 269 267 

Loss Tangent x 104 4 3    j 4 4     j 

Measurements at 1 MHz 60oC R.T.   1 i   60oC RTT,     | 

Impedance Z0 (ohm) 98 98    | 102 101      j 

Angle of Impedance (rad x 10) - 3.7 -3.8 - 6.6 " 6'7 

Phase Shift ß (radians/mile) 51.3 51.4 51.6 51.9    j 

Attenuation a (dB/mlle) 17.5 17.5 1   30.2 30.9 

Inductance L (mH/mlle) 0.802 0.798 0.833 0.828 

Capacitance C (nF/mlle) 83.0 83.8 1   80.7 82.0    j 

Resistance R (ohm/mile 386 385    | 700 706 

Loss Tangent x ICT 18 16    | 1   15 
17      j 

It will be noticed from Table 4 that none of the 
properties listed shows any difference of practical 
Importance between the lengths of the cable kept at 
room temperature and 60oC. 

Only in the case of Cable 2 has the average 
mutual capacitance shown any significant change, and 
this is a decrease of 1.52 Instead of the Increase 
that might have been expected from theoretical 
considerations of the consequences of cell filling. 

Structural Stability of Cellular Insulation 

The cellular structure of the Insulation remains 
stable unless air in the cells becomes displaced by 
the filling compound. Filling compound, or some of 
Its components may diffuse through the solid portion 
of cellular insulation and above a certain critical 
temperature enter and gradually fill the cells. The 
rate of cell filling Increases with temperature but 
it has been observed thit the process does not occur 
below a temperature which Is characteristic of each 
filling compound4. 

The effects of cell filling are twofold: 

(a) Filling compound Increases the permittivity of 
cellular Insulation and may thus effect a change 
In transmission properties. 

(b) Some filling compound is lost from the inter- 
stitial regions thus possibly making the cable 
less waterproof. 

Because density Is an easily measured property 
which is sensitive to cell filling effects long term 
immersion tests In an excess petroleum Jelly were 
carried out on Insulated singles at several tempera- 
tures and their densities were determined periodically. 

In order to Interpret these density changes in 
terms of percentage cell filling, two factors must be 
considered; (a) the initial degree of expansion of the 
cellular Insulation, and (b) the density change of the 
solid component of the insulation. 
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With reference to (b) It hat been found that the 
density of solid medium density polyethylene of the 
type under consideration, Increases on exposure to 
filling compound at the test temperatures used. 
Accordingly percentage cell filling, expressed as 
percentage displacement of the partial volume of air 
present In the Insulation, was calculated using the 
following formula, which is derived In Appendix 4. 

Percentage Cell Filling 

^-l>-») 
x 100 

where dp - density of solid polymer 

dp - density of filling compound 

B  - Initial partial volume of gas 

r  ■ ratio of final to Initial density of 
the cellular Insulation 

R  - ratio of final to Initial density of 
the solid polymer 

Results derived from measurements of insulation 
density after limiiersion at 50°, 55° and 60OC are 
presented In Figure 1. 

25 

30  40  50  60 70 

Days of Immersion 

80  90 100 

Figure 1 - Effect of Temperature and Time on Cell 
Filling Produced in Insulated Singles Immersed in 
an Excess of Filling Compound. 

These results were obtained on Insulated singles 
in an excess of filling compound and consequently it 
was Important to determine to what extent cell fill- 
ing had occurred in the insulation of cables aged at 
60oC. 

To this end, at the conclusion of the trans- 
mission tests described in the previous section, all 
of the cables had 6 Inches of each end cut and 
discarded (since it was possible that a small amount 
of compound may have been lost from the end) and 
then a further 6 foot length cut for insulation 
tests. In the measurements the following were 
recorded: 

1. Diameter (d) of conductor and Insulation (D) 

2. Coaxial capacitance (C) of insulated single 

3. Density (?) of insulation 

4. Tensile strength and elongation of insulation. 

The detailed results of measurements are con- 
tained in Appendix 2 and a summary is presented in 
Table 5, Calculations of percentage cell filling 
were done as previously described. 

TABLE 5 

Changes of Properties of Singles from Cables 
Kept at 60oC and Room Temperature  

Cable 25 Pair/ 25 Pair/ 
19 AWG 24 AWG   1 

Insulation thickness (mils) 12.9 8.1 

Degree of expansion, X 31 32 

Duration of aging (days) 840 365    I 

Diameter Increase, X 3.4 3.3   j 

Coaxial capacitance change, X -1.0 -1.3   1 
Permittivity increaue, X 6 

Density Increase, X 12 13 

Cell filling, X 22 24 

Mutual capacitance change, X -0.1 -1.6   j 

Elongation, X reduction 11.6 24 

Breaking strength, Z reduction 6 8 7.1 

N.B, Permittivity ( E) was calculated from measured 
diameters and trough capacitance of Insulated 
singles by use of the formula 

C - 16.9 e /In (D/d) pf/ft. 

Table 5 shows that 

(I) the degree of cell filling was 22-24Z. This 
is considerably less than expected considering 
the results on Insulated singles in a large 
excess of filling compound at 60oC.  (25% at 
100 days. Figure 1) 

(II) an Increase in permittivity, of the order of 
5X has occurred. 

(ill) swelling of the Insulation wall of about 15% 
has occurred. 

It has been shown that the degree of cell fill- 
ing found in these cables has not resulted In any 
significant changes In the transmission properties. 
This can be attributed to swelling counteracting 
the effect of cell filling as far as mutual capaci- 
tance is concerned. 

Waterproofness 

The following test was carried out to investigate 
the resistance of the cables to longitudinal water 
penetration. This was done in order to find out if 
any significant difference in waterproofness of the 
cables occurred as a result of high temperature aging 
and the accompanying partial cell filling. 
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1) The cables were straightened out while at room 
temperature. 

2) Approximately 20 feet of each cable had three 
holes drilled carefully Into the core at the 
centre. These holes vere equally spaced around 
the circumference and penetrated the core wrap. 

3) A3 foot head of water was applied to the centre 
of the cables taking cars not to restrict 
possible longitudinal water flow In the cable 
core. 

4) Mutual capacitance of 15 pairs In each cable was 
monitored over a period of 70 days. 

The results, displayed In Figure 2, show that 
for both cables the difference between the 60oC 
sample and the room temperature sample Is no greater 
than the expected variations between samples cut 
from the same cable. 

Time/Temperature Considerations 

It Is now useful to discuss the two conditions 
of exposure Involving high temperatures, namely, 
storage on reels and aerial Installations, since 
underground cables remain permanently at a low 
temperature (below 30oC). 

Cables stored on unlagged reels exposed to 
direct sunlight encounter the highest temperature 
conditions. In the most severe case that can be 
envisaged In Canada, stored reels may be exposed to 
60oC for 8 hours/day for 4 months of the year and 
It follows that 1 year of continuous exposure to 
60oC would represent 9 years of storage under such 
circumstances. It has been demonstrated that 1 year 
continuous exposure to 60oC has caused negligible 
changes In the cable performance characteristics. 
Moreover, laboratory tests have shown that periodic 
exposure to high temperature, (e.g. dally cycling) 
does not result In a greater degree of cell filling 
than that occurring on continuous exposure over an 
equivalent period of time. It Is also noteworthy in 
this context that the outer layer of a reel suffers 
the greatest temperature Increase and that this layer 
usually accounts for only 5-10Z  of total length. 
Cable reels for export to hot climates are lagged 
which prevents a temperature rise above 50oC. 

6 f 

a 

u 
S 
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50 

(b) 

60 70 

(a) 

Figure 2 - Increase of mutual capacitance (average 
of 15 pairs tested) over a period of 70 days due to 
waterproofness test, for heat-aged and room tempera- 
ture cables,  (a) Cable 1/lc; (b) Cables 2/2c. 

Aerial cable experiences service temperature 
conditions Intermediate between those of burled cable 
and stored cable. Our tests Indicated that the 
maximum cable core temperature reached In Western 
Canada In the summer of 1975 was S60C. This occurred 
on a day when a record air temperature of 41.70C was 
reached at the location. This figure Is In agreement 
with findings of other Investigations which show that 
the maximum temperature In an aerial cable does not 
exceed the maximum air temperature by more than 10° - 
150C. 

Maximum dally air temperatures recorded for the 
Kamloops Airport show that, in the 5 year period 
between 1970 and 1974, a temperature of 350C was 
reached or exceeded on 37 days. Taking this as typical 
there may be 150 such days in 20 years.  Even if the 
cable core temperature on each such day reached 550C 
for 12 hours, this would be only equivalent to a 
continuous exposure of 75 days at 550C.  Figure 1 
shows that this has resulted in only 3.5% cell 
filling. 

Aging Resistance of Insulation 

Aging resistance is the ability of the insulation 
to resist deterioration due to thermal oxidation. The 
most critical consequence of oxidation is the loss of 
mechanical toughness and embrittlement which can lead 
to spontaneous CT acking of the insulation and circuit 
failure, as sometimes experienced in pedestals in 
the U.S.A. 

In the burled cables and aerial cables there is 
no risk of oxidatlve aging because (a) the aluminum 
shield and the filling compound effectively restrict 
access of oxygen to the Insulation and (b) the 
service temperatures are relatively low.  In pedestals, 
however, insulation on the cupper conductors i 
exposed to air at temperatures which, for peviods of 
time, may exceed the an'jient air temperature by 20oC - 
250C and, under Canadian conditions, may occasional.ly 
reach 650C - 70oC. The J.nulation must therefore be 
adequately stabilized against copper-catalysed oxida- 
tion to survive exposure under these conditions for 
25 - 35 years. 
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In the case of fully-filled cables It Is 
essential to check the resistance to oxidation of 
the Insulation before and after exposure to filling 
compound since contact with the latter may Improve 
or degrade this property^. It Is considered Important 
that the Insulation from the freshly-made cable should 
have adequate resistance to aging In the "as extruded" 
condition even when using filling compounds which 
confer enhanced oxidation stability on the Insulation. 
This approach has been adopted because occasionally 
cables could be installed, spliced and terminated 
soon after manufacture and before sufficient absorp- 
tion of the filling compound has taken place for the 
full beneficial effect to occur, tor the above 
reasons, oxidation resistance tests were carried out 
on insulated conductors before and after conditioning 
In excess filling compound at 70oC for 14 days, as 
well as on singles removed from cables which had been 
similarly conditioned. 

Aspects of the aging resistance testing of 
cellular Insulation are considered In Appendix 3 In 
which the accelerated aging test method employed Is 
also discussed. This gravimetric test provides a 
simple and convenient means of determining the oxida- 
tion Induction period. I.e. the time to the commence- 
ment of autocatalytlc oxidation, as indicated by the 
onset of Increase In weight of the Insulation. 

The aging test Involves exposure of a colled 
length of Insulated conductor to air maintained at 
10SoC In a continuously-ventilated glass cell. An 
air flow Is maintained at a controlled rate corres- 
pcdlia to six complete cell atmosphere changes per 
hour. The weight of the specimen Is checked 
periodically, and the Induction period (or lifetime), 
defined as the time for the weight of the Insulation 
to Increase by 0.5%,is determined. 

The results obtained for our presently-used 
cellular Insulation taken from cables, both before 
and after conditioning, show that the lifetime was 
generally In excess of 1000 hours In all cases 
Including the case of the thinnest Insulation wall on 
26 AWG conductors, although the minimum value of 700 
hours was recorded for this latter case. 

It has been concluded from this work that, 
should the requirement ever arise, a compound based 
on petroleum jelly can be developed with markedly 
reduced propensity to cell filling at 60oC which will 
also meet other necessary requirements described 
earlier. 

Dielectric Strength 

Conductor-to-conductor factory test values have 
been established as follows: 

19 AWG - 5000 volts - dc - 3 seconds 
22 AWG - 4000 volts - dc - 3 seconds 
24 AWG - 3000 volts - dc - 3 seconds 
26 AWG - 2500 volts - dc - 3 seconds 

These values are Identical to, or fractionally 
higher than those test values that have been used for 
many years In the U.S.A. and Canada for air core PIC 
cables 6»7. 

Concern about the withstand capability of cellu- 
lar Insulation compared to solid Insularlon has been 
shown to be unfounded. 

Conductor-to-shleld test values of IS kv were 
established for filled cables with solid Insulation 
and some Canadian telephone specifications retained 
this value for cellular Insulated filled cables. 

However a 10 kv value, which has been used for 
many years for air core PIC cables, is a more realis- 
tic figure for cellular Insulated filled cables 
considering the reduced Insulation wall thickness. 

Obviously In an area of heavy llgb'ning 
incidence it may be desirable to have & higher 
conductor-to-shield withstand protection and this can 
be provided by design modifications to the core wrap. 

However, this company has supplied more than 
9000 miles of CelsealBcable since 1972, primarily 
for direct burial without any adverse field experience. 

It is considered that this level of resistance 
to aging will ensure an adequate service life for 
the Insulation In Canadian locations. For further 
discussion of the significance of these test results. 
Appendix 3 should be consulted. 

Development Work on Filling Compounds 

Work on further optimisation of filling compound 
has been in progress and experimental cables have 
been evaluated in long term tests similar to those 
described earlier. The results have shown that the 
extent of cell filling at 60oC can be substantially 
reduced by using modified petroleum Jelly compounds. 

Table 6 shows the test results for three repres- 
entative cables made with filling compound "B". It 
can be seen that after 35 months at 60oC there was 
less than 4Z cell filling for 19 to 26 AWG Insulated 
conductors, even for a degree of expansion as high 
as 402. 

Field Experience 

The data provided were obtained from two of the 
earliest orders for cellular Insulated filled cable 
in 1972 and 1973. The specific orders were traced to 
two sites in Western Canada In Fort Saskatchewan, 
Alberta and Lemburg, Saskatchewan, where tests were 
conducted in August 1974 and again in July and August 
1975. Cables in both areas are direct burled and 
operating In normal telephone systems. Fort Saskatchewan 
being in Alberta Government Telephones territory and 
Lemburg is in Lemburg Rural Telephone Company terri- 
tory. Operating experience to date Is 26 months at 
Fort Saskatchewan and 36 months at Lemburg. 

The value of these data lies In the fact that 
no special precautions were taken at time of manu- 
facture or Installation. However, because these are 
operating cables, some pairs are not available for 
testing. The real benefits from the data relate to 
the fact that the cables are subject to normal 
operating conditions and not to the artificial con- 
straints met in the laboratory such as short lengths, 
temperature conditions, etc. 
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TABLE 6 

Effect of Aging for 35 Months at 60° C on Insulation 
of Cables with Experimental Filling Compound 'B' 

Cable 25 palr/19 AWG 25 palr/2A AWG 25 palr/26 AWG 

Insulation thickness (mil) 

Degree of expansion, X 

13.2 

40 

8.3 

34 

7.1      | 

25        | 

Diameter Increase, % 

Coaxial capacitance change, % 

Permittivity Increase, % 

Density Increase, % 

Cell filling, 7. 

Mutual capacitance change, % 

Elongation, ',',  reduction 

Breaking Strength, % reduction 

1.1 

1.0 

3 

5 

3.6 

0.10 

33 

13 

1.7 

0.4 

2 

2 

Nil 

-1.4 

14 

7 

1.3 

2.2 

4        1 

5 

3.2      | 

-3.8      | 

8.5 

12 

It Is planned to continue testing at the sites 
for at least three more years, 

A few words on the areas Involved: 

Fort Saskatchewan, Alberta 

Fort Saskatchewan, Alberta is a town of approxi- 
mately 8000 people located 15 miles north-east of 
Edmonton, the provincial capita-1 of Alberta.  The 
cable area Is In the vicinity of several petro- 
chemical plants and this area may grow In the future 
with the development of the tar-sands. 

Lemburg, Saskat chewan 

Lemburg, Saskatchewan a rural community of 400 
people. Is located approximately 100 miles east of 
Regina, the provincial capital. In the heart of 
pralrle country In Western Canada.  Cables are plowed 
In this area between the months of May and October 
when the air temperature will be anywhere from 50C to 
3S0C. After October the ground becomes frozen until 
March and April when it thaws and becomes muddy. Thus 
for seven months of the year little direct plowing 
can be carried out. 

While air temperatures in winter will frequently 
drop to -30oC which will be experienced In pedestals, 
ground temperatures will only reach -10C. 

Comments on the Results 

Fort Saskatchewan. Alberta - 50 pair #24. 
tests consisted of: 

Mutual capacitance at 1 kHz 
d.c. conductor resistance 
Capacitance unbalance 
Insulation resistance at 500 volts. 

Test results are shown in Table 7. 

Field 

Mutual capacitance increases were less than 0.1 
nF/mlle over a period of one year. 

It will be noticed that conductor resistance is 
lower and insulation resistance higher in 1975.  The 
explanation accepted is that ground temperatures were 
40C lower In 1975 than in 1974. 

Lemburg, Saskat chewan. 
in Table 8. 

Test results are shown 

Mutual capacitance changes on five different 
sizes of cable were: 

25 pair 24 
16 pair 24 
11 pair 24 
6 pair 24 
4 pair 22 

+0.2 nF/mlle 
+0.1 nF/mlle 
+0.1 nF/mlle 

nil 
+0.1 nF/mlle. 

This amounts to 0.2% increase In the worst case. 

Conclusions 

The work reported in this paper clearly demon- 
t.trates that products currently manufactured using 
commercially available Canadian material meet 
satisfactorily all known Canadian service conditions 
and provide very significant safety margins over 
normal life expectancy for the product. 

These same products can also be expected, on 
the basis of reported results, to have an adequate 
life under more arduous climatic conditions.  Should 
special circumstances arise requiring cables capable 
of operating for prolonged periods in a high tempera- 
ture environment, materials could be made available 
to meet this requirement without any need for changing 
present construction. 
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TABLE 7 

FORT  SASKATCHEWAN,  ALBERTA 

ALBERTA GOVERNMENT TELEPHONES 

Individual Pair Readings of Mutual Capacitance  (nF/mlle) 

3924'   -  50 Pair #24 Celseal 

Pair Aug. '74 July '75 Pair *Mar. '73 Aug. '74 July 75 | 

Blue/White 12 80.7 80.8 Orange/White 31 82.6 82.6  | 

Binder 14 81.9 81.9 Binder 32 81.3 81.3  l 

15 82.8 82.8 33 82.2 82.3  i 

16 82.0 82.1 34 81.8 81.8  | 

17 82.9 83.0 35 81.9 82.0 

18 83.1 83.1 36 81.9 82.0 

19 82.5 82.6 37 81.9 81.9 

20 82.5 82.6 38 80.5 80.6 

21 81.4 81.4 39 82.2 82.3 

22 83.5 83.6 40 82.3 82.3 

23 82.6 82.7 42 81.3 81.4 

24 81.7 81.8 43 82.6 82.7 

25 82.1 82.1 44 81.7 81.8 

Orange/White 26 82.5 82.5 45 81.7 81.7 

Binder 27 82.1 82.2 46 81.6 81.6  | 

28 83.2 83.2 47 82.9 83.0  j 

29 80.7 80.7 48 82.2 82.3  j 

30 83.0 83.0 49 

50 

81.8 

81.6 

81.8 

81.8 

Average *81.3 82.1 82.1  j 

a % 0.69 0.69 : 

* Test value based on a 5 pair average from the original  factory length of 6565' 

OTHER  ELECTRICAL PROPERTIES 

Conductor Resistance ohms/loop mile        Average 
(ten readings) 

Capacitance Unbalance pair-pair  pF/1000'    Average 
(nine readings) 

Insulation Resistance megohm/miles Average 
(six readings) 

Aug.   '74 Aug.   '75 

268.3 264.3 

3.1 2.6 

37,000 50,000 
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TABLE 8 

LEMBURG.   SASKATCHEWAM 

LEMBURG.  RURAL TELEPHONE COMPANY 

Individual Pair Readings of Mutual Capacitance (nF/mile) 

CELSEAL 

2534" m 25 Pair »24          i 

[Pair *July 21 
82.'; 

Auft'75l 

83.0 1 
15 81.7 81.8 
16 81.9 81.9 
18 81.9 81.9 
19 82.9 83.0 
20 82.0 82.2 
21 80.9 81.0 
22 81.6 81.7 
23 81.7 81.8 
24 82.3 82.4 
25 82.0 82.1 

Average *80 0 81.9 82.1 

o X .58 .58 

1            3594'  - 16 Pair 124 

Pair    *July'72    Auft'74 

I                             80.1 
8                            79.3 

16                             78.4 

Auft'75 

80.1 
79.2 
78.5 

Average *79.0        79.2 

o X                           .84 

79.3 

.82 

|            4500'  - 6 Pair #24            | 

Pair    *July'72 

1 
2 
3 
5 
6 

Auft'74 

78.4 
77.4 
77.4 
77.6 
77.6 

AUB.'75 

78.4 
77.4 
77.4 
77.6 
77.6 

Average *79.0 77.7 

.40 

77.7     ! 

.43    ' 

3594'  - 11 Pair #24 

[Pair    »July*72    Auft'74 

1                            78.2 
1    2                            78.2 

3                            79.8 

Auft'75 

78.3 
78.3 
79.9 ] 

Average *)8.0        78.7 

o Z                          .92 

78.8 

.96 

|            4500'  - 4 Pair #22 1 

[Pair    * July'72 Aug.'7 4 

81.2 
81.1 
79.4 
79.9 

Aug/75 

81.3 
81.2 
79.4 
80.0 

1 
!    2 

3 
4 

Average *80.4 

a X 

80.4 

.89 

80.5 I 
.90 1 

♦Original test values for July 1972 are group averages and were not measured on the same cable 
lengths as «ere measured in the field.    However,  It is possible to relate the field  length 
tested to the factory length, or part of  it,  in all cases. 

OTHER ELECTRICAL PROPERTIES 

Pair Count    Aug.   '74    Aug.   '75 

Conductor Resistance ohms/loop mile - Average 
Number of readings = ( ) 

Capacitance Unbalance pair-pair pF/1000' 
Number of readings * ( ) 

(11) 25/24 274.1 271.5 
( 3) 16/24 265.9 263.8 
( 3) 11/24 263.7 260.9 
( 5) 6/24 267.7 265.7 
( 4) 4/22 165.4 163.5 

(Group) 25/24 1.26 2.51 
(3) 16/24 3.90 3.70 
(3) 11/24 7.38 2.81 
(4) 6/24 8.40 7.07 
(3) 4/22 1.70 9.11 
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APPENDIX 2 

TABLE £ 

MEASUREMENTS ON SINGLES REMOVED FROM CABLES  1/1C 

Pair Cond. D.O.D.(D) Trough Permittivity Density   (/') 
gms/cin^ 

U.T.S. 

1 and Ula.(d} Mils Capacitance (£) •Uonß.   (X) psi 

Colour Mils (c)    pF/ft. 

1 1£ 1     '    1C 
—          1            ' 

i     ic i     '   ic 1     - ic 1        ic   1 
1 -W 35.7 63.9 61.8 54.2    57.0 1.81 'l.85 0.71ll .656 420 493 2422 i2590 

-B 35.7 63.3 ■61.7 53.8 ' 56.8 1.82 ll.84 0.688| .632 398 460 2243 ,2381 
2 -W 35.7 64.1 61.8 58.1 | 56.4 2.01 11.83 0.7581 .656 407 | 475 2407 '2 74 

-0 35.8 64.3 62.2 59.1 | 56.8 2.05 ,1.86 0.7571 .649 403 | 475 2373 |2571 
3 -W 

1 
| 1 1             I 

-G 1 1 
1                           1 

4 -W 35.8 64.2 62.5 57.8 | 56.6 2.00    1.87 0.77o|.667 425 485 2370 '2 86 
1      -BR 

5 -W 
35.. 8 63.7 61.2 58.0 | 57.2 1.98 ll.81 

|           1 

0  7531 .637 413 443 1959 I 2 78 

-S 
6 -R 

1 1 
1 1             ' 

i             1 
| 

-B l 
1 1 

7 -R 36.0 64.0 61 8 56.5| 57.0 1.92 '1.82 0.7361 .652 400 470 2344 | 2528 
-0 35.9 64.2 61.8 57.6    56.4 1..98 |1.81 C.763| .652 405 478 2330 ' 2533 

8 -R 36.0 63.6 62.0 55.Ol 56.4 1.15 ,1.81 0.709  .640 393 465 2361 12 If 
-G 36.0 63.6 61.9 55.2 | 56.4 1.86 'l.Bl 0.7071 .638 390 470 2239 |2 22 

9 -R 1 1 1 
-BR 1 1 

1 

10-R 35.9 63.6 61 2 55.0| 58.1 1.86    1.83 0.7051.656 380 430 2179  1 2269 
-S 35.8 63.3 61.2 55.2    57.6 1.86 '1.83 0.7021.646 375 455 2082 |2259 

11-BK 35.8 63.2 61 2 56.3 1 56.8 1.89 |1.80 0.708  .637 403 463 2205 ,2313 
-B 35.9 63.4 61 4 56.2 i 56.4 1.89 ,1.79 0.719|.637 403 463 2207  '2351 

12-BK 1 | 
-0 1 1 

13-BK 35.8 63.7 61 2 55.2 |  57.4 1.88 |1.82 0.7061.635 398 455 2182 |2296 
-G 36.0 64.1 61 6 57.7    56.7 1.97 ,1.80 0.7291.688 398 465 2226 ,2 30 

14-BK 35.9 63.4 61 3 56.41 56.9 1.90    1.80 0.715,.677 398 460 2131 ' 2350 
-BR 35.7 63.3 61 0 56.6| 57.3 1.93 |l.82 0.7221.595 355 430 2090 12 16 

15-BK i 1 | 
-S 1 1 

1 

16-Y 35.9 64.4 62 2 57.3| 5  .1 1.98 '1.86 0.747  '.655 385 470 2265 I2 27  j 
-B 35.8 63.9 61  7 55.8| 56.8 1.91 |1.83 0.723  1.640 353 460 2125 |2 98 

17-Y 
1 

1 | 
-0 1 1 

1 I               ! 

18-Y 1 1 1 
-G ( 1 I 

19-Y I | 1 
-BR 1 1 

2Q-Y 3  .1 64.2 62 0 53.I1 56.6 1.98    1.81 0.758  1.657 398 475 2380 12541 
-S 3  .8 63.5 61 8 55.61 56.6 1.89 ll.83 0.712  1.645 408 465 2222 | 2344 

21-P 1 1 
1 

1                           I 

-B 
1 | 1 

22-P 3  .9 63.6 61 5 57.7 1 56.8 1.95 ' 1.81    1 0.730 1.637 380 445 2182 1 2329 
-0      1 3  .0 64.5 62 0    1 57.7| 56.8 1.99 |l.83 0.7A1  ,.655 403 475     i 2325 | 2508 

23-P 3  .8 63.2 61 4    ! 54.5. 56.6 1.83 |1.81 0.689 '.635 378 453    ! 2169 | 2307 
-G 3 .9 63.7 61 5 54.31 57.0 1.84    1.82    [ 0.694 |.649 410 463    j 2289 | 2370 

24-P 1 1 
-ER | i 1 

25-P     i 
1                           < 1 1 

-S     | 1 
i      ! 

1 
| 1            1 ■            1 

_J 

AVG        1 35.9 63.8 61 7    1 
 L 

56.31 56.9 1.92 11.82    ! 
1             | 

1            f 
0.725 | .6/7 

1        _J 
i95 447 224 3 1 2407 
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APPENDIX 2 

TABLE  F 

MEASUREMENTS ON SINGLES REMOVED FROM CABLES 2/2C 

Pair Cond. 1    D.O.D.(D) Trough Permittivity Density C/1) U.T.S. 
and 
Colour 

Dla.(d) 
[Mils 

Mils Caoacltance 
Cc)     pF/ft. 

(£) gms/cm^ Elong.   (X) 
PSl 

2 2C 2     '   2C 2 2C - 1   2C 2 1   2C 1   1       '  2C 
1 -W 20.0 37.3 J6.1 51.5    ^2 3 1.90 1 1.83 .738 |.655 308 '   388 2547    2t122 

-B 20.3 37.7 ■ 36.7 51.3 1 51.8 1. «8 1 1.82 .714 ..632 338 1   398 2390    26/4 
2 -W 20.2 36.6 35.8 52.4 | 53.1 1.84 1 1.80 .705 1.623 295 l   378 2157   1 3(.2 

-0 
3 -W 

j   19.9 37.7 36.1 50.6 , 52.1 1.91 1.84 .721 .644 323 .   390 2575   |2777 

-G 
4 -W 20.1 37.4 36.1 51.5 | 52.3 1.89 1.81 .729 .649 318 1   390 2550  12812 

-BR 20.3 37.6 36.0 51.1    51.2 1.86 1.74 .699 .617 285 365 2317  |2513 
5 -W 20.1 37.9 36.3 50.8 I :i.4 1.91 1.78 .701 .622 145 378 1603    1767 

-S 
6 -R 

20.1 , 37.3 36.1 50.0 | 50.b 1.83 1.75 1 .701 .599 168 370 1481  '1644 

-B 
7 -R 20.2 37.0 35.8 53.21 52.7 1.91 1.78 .726 .640 325 400 2359    2603 

-0 20.1 37.3 36.2 50.6   51.9 1.85 1.81 .725 .646 320 395 2508 I2701 
8 -R 20.1 37.5 1  36.5 50.61 52.1 1.87 1.84- .702 .634 338 393 2376 i2585 

-G 
9 -R 

-BR 

20.2 37.3 36.4 53.6, 52.7 1.95 1.84 /MO .643 308 375 2422 ,2599 

10-R 19.9 37.2 36.0 50.Oi 51.6 1.85 1.81 .702 .644 390 270 1865 |2132 
-S 19.9 37.0 35.7 49.5" 51.0 1.82 1.76 .682 .618 190 368 1505 .1693 

11-BK 20.2 37.5 36.2 50.41 52.7 1.84 1.82 .714 .655 358 435 2467 '2745 
-B 20.1 37.1 35.8 51.5, 52.3 1.87 1.79 .709 .627 300 388 2209 12506 

12-BK • 
-0 

13-BK 20.2 37.6 36.3 50.6 | 51.9 1.86 1.80 .716 .650 360 433 2627    2773 
-G 20.3 37.2 36.3 51.7    52.1 1.85 i.79 .725 635 318 393 2403 '2543 

U-BK 20.2 37.5 36.3 51.Ot 53.1 1.87 1.84 .722 .655 385 425 .2701 12759 
-BR 20.0 37.0 36.2 52.1! 51.9 1.90 1.82 .728 630 290 383 2345 |2526 

15-BK 
-S 

16-Y 20.2 36.9 35.7 53.0|  53.2 1.89 1.79 .735 639 290 358 2422 |2478 
-B 20.1 37.1 35.8 51.5.  52.3 1.87 | 1.79 .710 625 303 390 2341 |2498 

17-Y 
-0 

18-Y 
-G 

19-Y 
-BR 

20-Y 20.0 37.4 35.9 50.I1  50.8 1.86 ' 1.76 .708 628 250 380 1753 | 1867 
-S 19.9 36.9 35.8 54.4| 51.4 1.99 | 1.79 .744 619 203 368 1575 | 1679 

21-P 
-B 

22-P 20.2 38.9 37.2 50.81  52.2 1.97 1 1.89 .776 692 395 475 2582 | 2478 
-0 20.0 1 38.1 36.6 50.11  52.1 1.91 j 1.86 .754 687 338 425 2533 | 2687 

23-P 20.3 ! 37.5 36.3 51.4    52.1 1.87 | 1.79 .709 633 343 418 2589    2682 
-G 20.3 37.4 36.3 51.4'  52.1 1.86 1.79 1 .726 644 330 405 2585    2749 

24-P 
-BR 

25-P 
-S 

AVG. 20.1 37.4 36.2 51.3|   52.0  j 1.88' 1.81 .720 1 639 300 | 395 2279 1 2453 
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APPENDIX 3 

Testing of  Polyethylene  Insulation 
 For Resistance to Aging  

Recent  field experience with the polyethylene 
Insulation on copper conductors In the above ground 
pede&tals of  telephone distribution networks In the 
U.S.A.  has emphasized the need  for adequate protec- 
tion of the Insulation against oxldative degradation, 
and for reliable methods  of assessment  of  the resis- 
tance to aging.    Insulation stabilized In a way known 
to be adequate for other cable applications, was 
found to fail after only a few years  service under 
adverse climatic conditions by  coppt'-catalysed 
thermal oxidation of polyethylene.    This leads to 
severe embrittlement and eventual cracking of the 
insulation.    It Is now generally recognized that 
substantial increases in stabilization levels are 
essential,  to ensure that  the  insulation meets the 
requirements  for exposure  in pedestals  In which 
maximum internal  temperatures can exceed the ambient 
air temperature by 20° - 250C. 

When considering the question of  tests for 
resistance to aging several factors which determine 
the life of  the  Insulation must be borne  in mind. 
The main of these are listed below: 

Copper Conductor 

Contact with copper accelerates drastically the 
rate of thermal oxidation of polyethylene both at 
processing temperatures and in service,  and is a 
dominant factor affecting the  resistance to aging of 
the insulation.     The adverse effect  increases with 
increasing ratio of surface area in contact with 
copper to volume.     It also depends on the state of 
oxidation of the conductor surface,  the presence of 
atmospheric corrosion products,  contamination with 
lubricants, etc. 

It is important to note that similar grades of 
low and medium density  polyethylene,  produced in 
different polymerization plants, and containing the 
same type and quantity of antioxidant,   can show 
widely different  resistance  to  aging  in the presence 
of copper. 

Thickness 

The life of  the insulation decreases rapidly 
with decreasing  thickness. 

Stabilizers 

The effectiveness  of  the oxidation inhibitors 
and copper deactivators  in providing long-term 
protection against oxldative degradation is determined 
by their chemical  activity as well as physical 
characteristics,  namely volatility,  stability and 
compatibility with polyethylene, and also the state 
of dispersion in  the polymer.     In service,  loss of 
antioxidant  from the insulation by evaporation or 
extraction by condensing moisture or  the cable fill- 
ing compound,  can be an  important  life  reducing 
factor. 

Pigments and Other Additives 

Some commercial pigments when used  in polyethylene 
insulation in  the presence of certain stabilizers are 
known,  from field and laboratory experience,  to produce 
a substantial lowering of resistance to ageing.    The 
latter may also be impaired by chemical interaction 
between stabilizers and other additives present  in 
the  insulation. 

Effect of Processing 

The life of the insulation can be adversely 
affected by the conditions of extrusion processing 
which may lead to excessive consumption of stabilizers, 
loss of stabilizers by volatilization,  excessive 
degradation of the polymer, contamination with pro- 
oxidants,  etc. 

Consideration of this list dictates that to 
obtain a meaningful assessment of any insulation's 
resistance to aging it is essential  (a)  to test the 
final product.  I.e.   the extruded pigmented insulation 
on the copper conductor, and  (b) to ensure that the 
test method takes into account, as far as practicable, 
the above life-determining factors. 

Specific analytical methods  for the determination 
of many commercial antioxidants and copper inhibitors 
in polyethylene are now available and provide a useful 
quality control procedure for monitoring the composi- 
tional consistency of  the polyethylene compound. 
Chemical analysis methods alone, however, are inadequate 
for quality assurance testing of insulation since 
they only yield,  in principle, information abou; the 
residual stabilizer content without reference to any 
of the other factors affecting the resistance to aging. 
Moreover, as a result of oxidation reactions and inter- 
actions between additives during processing the 
insulation may contain a complex mixture of unchanged 
stabilizers and their reaction products some of which 
may still be active as antioxidants or copper 
inhibitors,  and the analytical methods which determine 
the unchanged stabilizers only, would thus under- 
estimate the total active stabilizer present. 

The analysis can be particularly complicated In 
the case of  cellular  Insulation of coipp?ex composition. 
It has been found,  I'c example,  that a pai'ial loss 
of copper Inhibitor N: N-dibenzal  (oxalyl dlhydrazlde) 
can occur by reaction with the decomposition products 
of blowing agent azodicarbonamide at processing 
temperatures. 

Accelerated tests en insulated conductor at high 
temperatures   (above  the melting range of the  insulation 
material)  based on DSC or DTA techniques, have been 
proposed'8,9),    These rapid test methods appear suit- 
able for monitoring the level of stabilization of 
polyethylene  compound but not for testing its stability 
in the presence of  copper""'.    Further,  the applic- 
ability of DSC and DTA to testing of  insulation on 
copper conductors  is  in doubt as it  is recognized  that 
the performance  in  these tests at  200oC does not 
provide a reliable  Indication of the  level of resis- 
tance  to aging of  different types of  insulation under 
service conditions.     A criticism of  these accelerated 
test Tiethods has recently been published (H) • 
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The limitations of the high temperature test 
methods are particularly apparent In the case of 
cellular Insulation In fully-filled cables.    Above 
the melting range of the Insulation not only Is the 
cellular structure destroyed but  the Integrity of  the 
Insulation Is lost as the molten polymer tends to 
flow off the conductor and spread on the metal dish 
surface, and the critical factors of thickness and 
area of contact with copper are thus disturbed.    This 
effect Is especially evident when the insulation 
contains some absorbed filling compound.     Currently- 
used cellular Insulation may contain several complex 
constituents which can chemically Interact at high 
temperatures, particularly in the presence of copper, 
and these changes can adversely affect the performance 
In the DSC/DTA test.    Moreover,   this test may 
discriminate against stabilizers which provide satis- 
factory long-term protection under normal service 
conditions but possess relatively high vapour pressure 
at  200oC and hence are readily lost by evaporation 
during the test. 

A test method avoiding these shortcomings was 
communicated to the International Wire i Cable 
Symposium in 1971^'.    In this test the resistance 
to thermal oxidation of the insulation on copper 
conductor is determined at a temperature below the 
melting range of the insulation.    A temperature of 
1050C is normally selected, being regarded as the 
highest test temperature at which reliable 
accelerated aging tests can be carried out on low 
density polyethylene insulation.    The test Is carried 
out in air under conditions of continuous moderate 
ventilation at a controlled rate as it is considered 
that such conditions correspond more closely to the 
actual service environment'^),    ^t intervals the 
test sample is examined for evidence of the onset of 
oxidative degradation of the insulation as manifested 
by  (a) gain In weight and (b)  deterioration of 
mechanical toughness,  i.e.  embrlttlement. 

In this test, polyethylene Insulation on copper 
conductors similar to that which had failed premature- 
ly in service in the U.S.A.   (stabilized with Santonox 
R antloxldant at nominally 0.1% concentration) was 
found to give a lifetime of 120 to 200 hours. 
Analogous results for 0.20 - 0.33 mm thick PIC 
Insulation manufactured until recently in North 
America, have been obtained In other laboratories 
under similar teat conditions  in air at  100° - 110oC 
(13,14).    It is known that,  in a number of cases, 
the service life of the insulation of this type in 
pedestals in the Southern States of the U.S.A. was 
about 3 years.    Based on these data,  a test lifetime 
of at least 1000 hours at 105oC is necessary to 
ensure service life of 25 years under the more severe 
climatic conditions. 

When tested by this method at temperatures in 
the range 70° to 1050C, both solid and cellular 
polyethylene insulations have been shown to follow 
the relationship 

log L a + 

where L is lifetime, T is absolute temperature (0K) 
and a and b are constants.    Test data indicate that 
the Insulation satisfying the above test requirement 
(1000 hours minimum lifetime at 105oC) would be 
expected to have a life of 15 years on continuous 
exposure to a constant temperature of  50oC. 

In evaluating Insulation of fully-filled cables 
it is essential to test the insulation which has been 
exposed to the cable filling compound since contact 
with certain types of filling compounds can adversely 
affect the resistance to oxidation of polyethylene 
insulation while with selected types of  petroleum 
jelly compounds a beneficial effect is obtained(15,5). 
Many stabilizers  in current use diffuse  from the 
insulation into  the  filling compound and cease  to be 
available  for protection of the  insulation when the 
filling compound is  subsequently removed  In the cable 
termination procedure.     If the filling compound  itself 
Is highly susceptible to oxidation,  the absorption of 
such material by  the  insulation may also  impair  the 
aging performance.    On the other hand,  absorption of 
petroleum jelly compound containing natural oxidation 
inhibitors can substantially enhance the resistance 
to aging of  the  insulation"). 

APPENDIX It 

In order to develop a simple formula for the 
purpose of calculating percent cell filling it Is 
convenient  to define the following set of symbols; 

AW   - Total weight of  filling compound absorbed by 
cellular insulation. 

AW. 

AW. 

component of insulation. 

portion of insulation. 

(1) 

dF - Density of filling compound (0.89 g/cm
J) 

dp - Density of unexpended (solid) polymer prior 
to filling compound absorption (0.935 g/cm3). 

dp - Density of solid polymer after absorption of 
filling compound. 

R - Ratio of density of solid polymer after filling 
compound absorption to density before absorp- 
tion.  That is 

dp/dp (2) 

Note: It has been experimentally determined that R 
is approximately equal to 1.025 for the 
temperatures and combinations of materials 
under consideration at present. 

Volume fraction of air present in cellular 
insulation prior to absorption of filling 
compound. 

Total volume of cellular insulation before 
absorption of filling compound. 

Total volume of cellular insulation after 
absorption of filling compound. 

Density of cellular insulation prior to absorp- 
tion of filling compound. 

P   -  Density of cellular insulation after absorption 
of filling compound. 

r 
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AW - Z5 V - /"v (gms) (3) 

Volume of solid component of cellular Insulation 
prior to absorption of filling compound. 

Volume of solid component of cellular Insulation 
after absorption of filling compound. 

AW« " vs dp' " vs ^ (*) 

- V' (1 - B) dp - V(l-B) dp  (4A) 

The above equation employs  the  fact  that  the 
volume fractions of cells present  In the original and 
swollen Insulation are equal. 

Don Cretney was born In 
Vancouver,  B.C.  and graduated 
from the University of British 
Colunbla In Electrical 
Engineering In 196A.     He 
Joined the Communication 
Cables Engineering Department 
of Phillips Cables  in  1970, 
having previously worked for 

^ _^^^_ ,^^^^^_      the B.C.  Telephone Co.,  The 
- ;|BPBflHHH      Boeing Seattle Wash., 

and International Power & 
Engineering Consultants in Vancouver. 

Mr.   Cretney is a member of the British Columbia 
Assooiation of Professional Engineers. 

§ 

iWs    - V R dp   (1 -  B)  - V   (1 -  B)   dp       (5) 

therefore; 

AW„ 

Suf-v/3 

V'f (r - R) 

*/'//' 

(6) 

(7) 

(8) 

V • Volume of air cells present  in cellular 
insulation prior to filling compound absorption. 

V « Volume of cells present in cellular insulation 
after filling compound absorption. 

The percent cell  filling  is defined as: 

Volume of Filling Compound in Cells    x 100      (9) 
Volume of Cells 

therefore; 

X Cell Filling - dp   (1/B -  l)(r - R)  x 100       (10) 
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CAPACITANCE RELATIONSHIPS IN FILLED TELEPHONE CABLES AND EQUILIBRIUM PREDICTION FROM 
WATER IMMERSION TUTS 

J.  A.  Olszewski 
Research Center, General Cable Corporation 

Union, New Jersey 

Abstract 

Solution of problems In filled telephone cables 
requires Intimate knowledge of cable parameters.    Of 
these, capacitance relationships are of the utmost 
importance.    Capacitance relationships have been ex- 
tensively studied on air core cables and are familiar 
to cable designers and transmission engineers, but 
comparatively little was pusbllshed on capacitance 
relationships In filled cables.    This subject Is in- 
vestigated and derived capacitance relationships are 
used to study two current areas of concern, that Is, 
that of high capacitance unbalance to ground In filled 
cables and prediction of mutual capacitance equilib- 
rium In industry standardized water Imnerslon tests. 

It Is shown mathematically that filled cables 
have Inherently higher capacitance unbalance to ground 
than air core cables.    The ratio appears to be close 
to 1.65. 

Also, It Is shown that Increase In wire-to-wire, 
ab well as wlre-to-ground, capacitances In water Im- 
mersion tests Is due to diffusion of moisture Into 
the petrolatum based filling compounds and fhat the 
rate of change of capacitance associated with cable 
core filled space In wlre-to-ground series capacl- 
tancep Is governed approximately by a function 
£,*■*%    while that due to filled, space In wire-to- 
wire capacitances chain by ^""*1'»   function, where t 
is the time of immersion while a and b are numerical 
constants determined by the efficiency of filling 
operation and the type of filling compound.    The 
study shows that with time the aforementioned core 
space capacitances, due to a continuous process of 
moisture Ingress, effectively tend to Infinity and 
zero respectively and consequently the equilibrium 
Is reached with mutual capacitance being equal to 
half value of Insulated wire self-capacitance.    The 
time to equilibrium Is a function of the filling 
compound design. 

In light of these findings,  specific cable per- 
formance specification change« are recommended. 

For clarity, the study is  limited to 22 gauge 
cables. 

Introduction 

Capacitance relationships in multlpalr tele- 
phone cables are of primary interest since they 
affect transmission properties and Influence cable 
construction and manufacturing processes.    The 
capacitance values for air core cables are well 
known and documented, but comparatively little was 
pusbllshed on capacitances in filled cables. 

The purpose of this paper  is to analyze the 
capacitance relationships in filled cables and to 
usathe results for evaluation of capacitance un- 
balance to ground, and mutual capacitance changes 
during water Inmersion tests on filled cables. 
Capacitance unbalance to ground determines the noise 
susceptibility of cables, while the change in 
capacitance during water immersion test of filled 

cables is an indication of a degree of waterproofuess 
under service conditions. 

The capacitances of telephone cables employing 
petrolatum based filling compounds, which were not 
exposed to moisture,  are known to be practically con- 
stant over voice and carrier frequencies!, while the 
capacitances of filled cables subjected to moisture 
ingress vary with frequency and the amount of mois- 
ture in the core.    The study presented in this paper 
is limited to 22 gauge cables and the capacitance 
data was taken at 1000 Hz only. 

Capacitance Relationships 

The unbalance to ground and changes in mutual 
capacitance,  due to moisture ingress into filled 
cable cores, can be explained on the basis of indi- 
vidual values of partial capacitance rather than 
total capacitance between wires of a pair or capaci- 
tances from.wires to ground. 

The capacitance model of a pair in a multi- 
pair telephone cable is shown in Figure 1, but its 
values are not known quantitatively.    In order to 

'OF Ifl«'^ 

"gpa ^ 

FIGURE  1:    Capacitance Diagram of a 
Pair in a Multlpalr Telephone Cable 

determine all the Individual components of wire-to- 
wire capacitance Cd and wlre-to-ground capacitance 
Cg, special cables were manufactured from the sane 
run of singles and cable core.    Two 50 pair cables 
were produced which employed propylene-ethylene in- 
sulated singles of filled cable dlmenslons(DOD*.0525"), 
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one filled and one unfilled, at well as two 50 pair 
cables employing LDPE Insulated singles of air core 
cable dimensions (DOD - .044"), again one filled and 
one unfilled. Measured average 1000 Hz capacitance 
results per 1000 feet length of cables, at room 
temperature, are given in Table 1 below: 

Table 1 

Average 1000 Hz Capacitance of Four 
Experimental 22 AWG Cables in nF/1000 Ft. 

Filled 
Dimensions 

Air Core 
Dimensions 

Filled Unfilled Filled Unfilled 

Measured wire to 
grounded core 
capacitance 
CA - Cd + Cg    24.232  20.181  28.283  23.356 

Measured pair to 
grounded core 
capacitance 
CB = 2Cg 

Wire-to-wire 
capacitance. 
Cd 

Wire-to-ground 
capacitance, 

Cg 

Mutual capaci- • 
tance, Cm 

35.474 28.498 40.114 32.304 

6.495 5.932 8.226 7.204 

17.737 14.249 20.057 16.152 

15.363 13.056 18.254 15.280 

Denoting capacitance in an unfilled cable by primes, 
the following equations can be set-up using the ca- 
pacitance model in Figure 1,  and measured values of 
capacitances shown in Table 1: 

(a1     billed dimensions cables: 

_2_   +   _L 
Cdi Cds Cd 

(1) 

6.495 

JL_ + -L. + _L. = .L_ 
Cgl    Cffg    Ceu  Cfi 

(2) 
"gs 

1 

17.737 

C'di C'ds C'd 

, 1 

(3) 

5.932 

_1  

C'gi 
+ —L— + 

Cg'g 
1 (4) 

as shown below and are not dependent on presence or 
absence of the filling compound, i.e. 

Cdil - Cdl2 -  Cdi -  C'dll - C'd« . C'di  (5) 

Cgil - Cgi2 =  Cgl -  C'gH . C'ei2  . Cgl  (6) 

Cgpi s Cgp2 ■  Cgp -  C'gpl ■ c'gp2 ■ C'gp  (7) 

Also, since the dielectric constant of the filling 
compound is 2.2 while that of air space is 1.0, 
then 

Cds « 2.2 C'd8 (8) 

Cgs»2.2C'g8 

Finally, it can be assumed that 

(9) 

Cs     «J    Cgi    +    Cdi   gf     7.36^       nF/1000 ft.       (10) 

d 

(b) Air Core dimensions cables: 

The same equations as  (1) through (10) can be 
set-up to solve for partial capacitance in air core 
dimensions cables. 

The equations  (5) through  (9) are approximate 
because they do not take into account the differences 
in the electrical field distribution in air and 
filled cable cores,    in addition, equations  (3) and 
(9) assume that the filling operation does not change 
the distances between singles In the cable core; and 
small degree of core spreading was observed in experi- 
mental filled cables.    The assumptions made in 
equation  (10)  are self-evident.    The errors resulting 
from these assumptions will not affect qualitative 
results obtained in the subject studies. 

Using the above equations, the partial capacitances 
were calculated for filled and air core (Alpeth) 
cables, described in Table 1.    The resultant average 
partial capacitances are given in Table 2 In nF per 
1000 feet of cable. 

Table 2 

Estimated Partial Capacitances of 
Cables 

."üxperimental 22 AG 

nF/1000 Ft. 

Filled 
Cable 

Air Core 
Cable 

(A) Wire-to-Wire 
Capacitances, nF 

Cdi 
Cds 

14.106 
82.124 

18.658 
31.628 

(B) Wire-to-Ground 
Capacitances, nF 

Cs 
Cgi 
Cgs 
Cgn 

51.144 
37.038 
86.950 
55.931 

69.211 
50.533 
45.251 
49.921 

14.249 

It is assumed in the above equations that the ca- 
pacitances of the Insulation of each wire are equal 

The above data are used for studies of capacitance 
unbalance to ground in filled and air core cables and 
for analysis of moisture Ingress into filled cables. 
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Capacitance Unbalance to Ground 

For some time now, there Is a considerable effort 
In the Industry, to reduce capacitance unbalances to 
ground in filled cablej which tend to run consider- 
ably higher than in air core cables. The Industry 
specifications, however, call for the same control of 
capacitance unbalance to ground In both types of 
cables, or 150-200 pF maximum average per 1000 feet 
of cable. There Is a good reason for concern and 
tight control since this characteristic determines 
noise pick-up on paired circuits. 

The capacitance unbalance to groun- In filled 
cables jCUgjWaf. analyzed by comparison with that In 
air core cables, CU'g. This was done by using basic 
definition of unbalance, I.e. 

CUg  =  C8i - Cg2 
ni»      r>' . _ r» 

(ID 
CU; 

where CU 

C gl- C g2 

g capacitance unbalance to ground 
In filled cable. 

CU'g = capacitance unbalance to ground 
In air core cable, 

and by reference to Figure 1 

Cgl = Cgll  CgBl  CgPi  
Cgal  Cgpi + Cgii Cgpi +  Cgll Cgsi 

Subscript 1 refers to wire 1 and subscript 2 refers to 
wire 2 of a pair as shown In Figure 1. Substituting 
partial capacitances Into equation (11) yields: 

CUo 
CU'g 

= A B 

where A = 
Cgl Cg2 

Cgl C&) 

(12) 

(12a) 

l&S. 
Easi. 

L8E 
cEPl   (12b) 

cgll     c gs     C gp 

A,, In equation (12b) represents fractional un- 
balance of partial capacitance (x) and Is defined as: 

Cxi ^2 
cx2 

Assuming that capacitance unbalance to ground Is 
caused by an Inequality x\ of one cable component 
only and that this Inequality Is the same In filled 
as In air core cables -an assumption representing 
practical conditions since typically the sane manu- 
facturing equipment and Its controls are ut,ed for 
production of both types of cables - then the follow- 
ing capacitance unbalance to ground ratios for 
filled to air core cables are calculated from equa- 
tions (12), (12a) and (12b) and Tables 1 and 2: 

I. Inequality In Insulation of a pair, 
CUg/CU'g ft   1.65. 

II. Inequality In Interstices, 
CUg/CU'g » 0i52 

Inequality In Insulations of wires 
surrounding a pair. 

111. 

CUg/CU'g 0.89 

It Is unlikely that the capacitance unbalance 
to ground, due to Inequality of Insulations of wires 
surrounding the pair, can appear In actual paired 
cables. Also, although fractional Interstlclal 
capacitance unbalances A gs and   A 'gs for 

filled and air core cables were assumed to be the 
same In the above calculations, In actual filled 
cables A gs """y ^e higher than   A 'gs ^n air 

core cables. Ununlformity of surface conditions on 
singles of a pair can cause different per cent fill 
around these singles and hence some differences In 
dielectric constant of filled core space. This can 
increase CUg/CUl ratio, due to interstlclal In- 
equality, to above unity, but the unbalances to 
ground due to such conditions in practice cannot be 
of controlling magnitude. The main cause for higher 
unbalance to ground in filled cables than in air core 
cables is the unbalance in the insulation of pair 
singles. 

The ratio of capacitance unbalance to ground of 
filled to air core cables, measured In one of our 
manufacturing facilities over a six months period, 
revealed an average value of 1.79. Thid value is 
somewhat higher than that calculated for unbalance 
in insulations of singles only and consequently in- 
dicates the the unbalances in the interstices of 
cable cores may play some part in the unbalance to 
ground of filled cables. 

In summary, it can be stated that higher un- 
balances to ground in filled cables are due to the 
nature of these cables since the unbalances are 
determined by inculation and filled core interstitial 
capacitance relationships. The specifications limits 
for capacitance unbalance to ground in filled cables 
should be Increased by at least 65 per cent from their 
present air cable levels until better controls of 
cable manufacturing processes can be developed and in- 
troduced in production. 

Capacitance Equilibrium In Water Immersion Tests 

Industry specifications require determination of 
1000 Hz mutual capacitance increase in 30 days of im- 
mersion in water. The maximum Increase is limited to 
1.5 per cent. From the point of view of the user. It 
Is essential to predict the Increase in capacitance 
over the service life of the filled cables. It was 
established herein that such a prediction can be made 
on the basis of analysis of partial capacitance changes. 
Other performance characteristics of filled cables, 
or other parameters of filling compounds are not dis- 
cussed. 

The study of mutual capacitance Increase in water 
immersion tests was performed utilizing No. 22 AWG 
cables with solid propylene-ethylene copolymer in- 
sulation, covered with our standard FFA sheath and 
filled with: 
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FIGURE 2:    Linear Plots of Measured Capacitance Stability in Water  Immersion Tests 
yire.to-Ground,  Wlre-to-Wire and Mutual Capacitances of  Selected Cables. 
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FIGURE 3A:    Natural Logarithm of Imnersed to Dry Wire-to-Wire Interstitial Space 
Capacitance Ratio Versus Time of Immersion in Water. 
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FIGURE 3B:    Natural Logarithm of Imnersed to Dry Wire-to-Ground Interstitial Space 
and Surrounding Wires Capacitance Ratio Versus Tina of lanersion In Water. 
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I. 85/15 compound - 85% PJ + 15% PE + 
stabilizers. 

II, 92/8 compound - 92% PJ + 8% PE + 
stabilizers. 

111. 

iv. 

1CMAC compound 
stabilizers. 

100% PJ blend + 

GCC production compound Q9 - 
position proprietary. 

GCC experimental compound Ql 
4% SIO2 + stabilizers. 

96% PJ + 

All samples used In the water Immersion tests 
were 30 ft. long with 26 ft. length Immersed under 
d 3 ft. head of water at room temperature. Holes 
3/8" In diameter were ■sat through cable sheaths, 
including core tape. The holes were 1 ft. apart and 
rotated 90° from each other In a fixed direction. 
Wire-to-wire and wlre-to-ground capacitances were 
measured periodically at 1000 Hz, using 0.1% 
a -.curacy capacitance bridge. The changes In capaci- 
tances of pairs In outer sub-units were determined 
over a 2 year period of Immersion and the average 
values for different cable types are shown In 
Figure 2. 

The Initial , or prior to water immersion, 
partial capacitances were estimated under an assump- 
tion that their division Is the same as for cables 
specified and analyzed In Tables 1 and 2. 
Specifically, 

(a) Wire-to-wire capacitances: 
1/Cdo    - 100.00% 
1/Cdio -   46.04% each 
./Cdso =      7.91% 

(b) Wire-to-ground capacitances: 
1/C go - 100.00% 
1/Cgio - 47.89% 
l/Cg8o - 20.40% 
1/Cgpo = 31.71% 

where a subscript "0" denotes capacitances prior to 
Iranersion of cables In water. 

First, wire-to-wire capacitance change with time 
of immersion In water was studied. Assuming that 
partial capacitances due to insulation are not 
affected by water entry into the cable core, i.e. 
Cdl " cdlo " constant, the values of natural 
logarithms of partial capacitance changes 

Ads " cds^cdso versus time of immersion t in days 
were plotted on log-log coordinates and are shown in 
Figure 3A. 

It appears from this graph that the change of 
partial capacitance due to space between wires of a 
pair fits the following equation 

Cds " Cdso £ 

-at 
(13) 

Next, wlre-to-ground capacitance change with time 
of imnerslon in water, was considered. CgS and Cgp 
partial capacitances were combined, i.e. 

(14) 
-gs -gp ^-gsp 

since water entry into the filled cable core in effect 
changes both these partial capacitances simultaneously. 

Also, Cgi and its changes with time of immersion 
were assumed to be a function of changes in Cd, 
specifically with aid of equation (10)! 

Cgi Cgio +  C dlo (15) 

Values of Cggp were Isolated from measured 
Cg values, that is 

^gsp 

I 

Cgl 

and natural logarithms of its changes   A gSp ■ 
Cggp/Cggpo versus time of immersion t in days were 
plotted on log-log coordinates in Figure 3B. 
This graph shows that the change of partial capaci- 
tance Cggp,  in the wire to ground series capacitances 
chain, fits equation 

ct 
0gsp cgspo    & (16) 

The correlation coefficients between data points and 
straight lines drawn in Figures 3A and 3B were 
calculated^ to be as high as 0.99 for immersion 
periods from 30 days up. 

The calculated values of a, b, c and d, used in 
equations (13) and (16) for cables studied are given 
it; Table 3 below. 

Table 3 
Calculated Values of a, b, c and d for 
Cables in Water Immersion Tests 

Cable Type 
(Filling com- 
pound type) a    b c 

.0175 

d 

85/15 .0437 .442 .427 
92/8 .0261 .445 ,00754 .535 
ICMAC .0140 .461 .00314 .585 
GCC - Q9 .00654 .444 .00373 .458 
Experimental Ql .00622 .916 .000265 1.34 

Using the above, anticipated changes in mutual 
capacitance Cm, with time of immersion in water, 
were calculated for each cable under study, using 
the following relationship: 

Cm « cd + 
CJL. 

where Cj u   
cdio cdgo € 

-at 

CdlO+2Cd80 ^ 
-at 

eg 
cgspo 3 

ct 

1 + ?apo Z, 
ct 

Vo + Cd Jl- ^ 
L   c4 

(17) 

(17a) 

-(17b) 

:itU 
cdanz 

[cdio+Wat ). 

The resultant mutual capacitance plots shown in Figure 
4, indicate that all studied filled cables in water 
immersion tests, similarly as air core cables, tend to 
equilibrium represented by self capacitance of the 
singles, or Cs/2. The time to equilibrium can be short, 
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however, for good filling compounds can also be 
millenniums. Judging by a 30 year required service life, 
comnerclally used compounds can be classified from best 
to «erst as:   (1) GCC production compound Q9,  (2) ICMAC, 
(3) 85/15 compound, (4) 92/8 compound.    The GCC pro- 
duction compound Q9 appears to be about 3 to 4 times 
better than other commercial compounds studied. 

Of some Interest Is a cable vlth GCC experimental 
filling compound Ql which employed a small amount of 
fumed silica,    its rate of change of core space ca- 
pacitances Is substantially higher.    Absorbtlon of 
water by fumed silica and entrapment of air bubbles 
appears to be a main problem.    This cable In a 30 day 
test looked good but In two years of Immersion In 
water exhibited close to 30% Increase In mutual capaci- 
tance and is predicted to reach equilibrium with 70% 
capacitance Increase (self-capacitance of filled cable 
pair) In about 5 years.        This analysis indicated 
early the deficiency of Ql compound .•••.id removed It from 
further consideration. 

Test data for two years of inmersion are in good 
agreement with theoretical plot« from about 50 days 
up.   Test points below 30 to SO days of Iranerslon show 
rather large scatter   because: 

(a) Filling compound cracks or channels 
in cable core from time to time con- 

tinue to be abruptly penetrated by 
water. 

(b) Less than 17. capacitance changes are 
more subject to experimental errors 
due to small temperature changes, re- 
arrangement of conductors at ends of 
short cable samples, el.:. 

Onee the cracks or channels are filled with water, 
however, then the moisture begins to penetrate the 
core in a predictable manner, or the capacitance 
changes become predictable for given type of filling 
compound.    The Importance of tight limits of mutual 
capacitance in the 30 day water Iranerslon test Is 
very apparent and can readily be seen fron predicted 
mutual capacitance plots for cables under study shown 
In the attached   Figure   4.      High initial Increases 
can very markedly shorten time to saturation.    Short 
lengths of water saturated core at the point of sheath 
damage can give rise to transmission problems due to 
reflections.3   in addition, the control of water flow 
Is very important since this determines changes In 
capacitance. Impedance, attenuation, etc., in long 
lengths of installed cable. 

The above study points to the necessity for 
revision of water imnerslon test requirements as 
follows: 

I. Specify measurement of wire-to-wire 
and wlre-to-ground capacitances. 

II. Introduce capaclcance rate of change 
limits. 

ill.    Base capacitance changes determina- 
tion on measurements before iranersion. 

iv.      Introduce long term capacitance 
stability test. 

Conclusions 

1. High capacitance unbalances to ground of filled 
cables and increases of mutual capacitance in 
water Immersion tests can be explained by partial 
capacitance relationships and their changes. 

2. Higher capacitance unbalances to ground in filled 
cables compared to air core cables are mainly 
caused by use of the filling compound with the 
dielectric constant of 2.2 as opposed to 1.0 for 
the Interstices of air core cables.    The capaci- 
tance unbalances to ground for both types of 
cables are primarily caused by non-uniformity of 
Insulations. 

3. Experimental functions have been established for 
changes In wire-to-wire and wire-to-g'ound capaci- 
tances of filled cables in water Immersion tests. 
The Increase in mutual capacitance dur .ng service 
life of filled cables, with water having access 
to their cores, has been determined for a number 
of filling compounds based on established experi- 
mental functions.    It has been also demonstrated 
that a proper formulation of the filling compound 
can limit mutual capacitance Increases to 107., 
within a 30 year service life of the cables. 

4. Recommendations were made for revisions of specifi- 
cations concerning limits of capacitance unbalance 
to ground and procedures for water lnmerslon tests 
on filled cables. 
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